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It has been assumed that the potential energy barrier hindering rotation of chain molecules about their 
long axes in the solid state has one deep minimum and 0 other minima with a potential energy V above that 
of the deeper well. Molecular models suggest 2 should be between 8 and 18. Application of the Bragg- 
Williams cooperative approximation to this system leads to first-order thermal and dielectric transitions. 
Dielectric and thermal data on n-C22H4sBr, n-CsoHeiBr, and n-CosHss show that the transitions are first- 
order. The static dielectric constant of the polar compounds calculated from Onsager’s equation on the 
basis 2= 12 agree closely with experiment. The model suggests the existence of two Debye-type loss regions 
below the transition temperature. Loss data confirm this and further indicate Q is close to 12. There is no 
evidence of resonance absorption. 2 may also be found from the entropy of transition at constant volume, 
R InQ. Thermal data on all three compounds are consistent with a value of Q of 12. The theory indicates 
that the transition temperatures of a homologous series should arise almost linearly with increasing chain 
length if the chains do not twist appreciably. Data from the literature confirm this. 





I, INTRODUCTION 


[‘ 1932 Miiller! deduced from x-ray data that long- 
chain paraffin molecules showed hexagonal sym- 
metry about their long axes in the solid state above 
a transition temperature 7; and suggested that this 
signified that the ribbon-shaped molecules were in a 
state of hindered rotation. Further work on long- 
chain paraffins,” esters,*4 bromides,® alcohols,**7 and 
solid solutions of ketones in paraffins’ by x-ray and other 
methods served to confirm Miiller’s suggestion. 

The aim of this paper is to develop a simple theory 
giving the relationship between the hindered rotation 
and the thermal and dielectric properties of long-chain 
compounds and to compare theory with experiment. 

Before proceeding, however, it is necessary to point 
out that the transitions and melting points of chemi- 


einen 


4 Miiller, Proc. Roy. Soc. (London) A138, 514 (1932). 

=. R. Andrew, J. Chem. Phys. 18, 607 (1950). 
A951 W. Crowe and C. P. Smyth, J. Am. Chem. Soc. 73, 5401 
1938} O. Baker and C. P. Smyth, J. Am. Chem. Soc. 60, 1229 
a9sg) >” Hoffman and C. P. Smyth, J. Am. Chem. Soc. 72, 171 
A945) Hoffman and C. P. Smyth, J. Am. Chem. Soc. 71, 431 

‘HL Ott, Z. physik. Chem. 193, 218 (1944). 

V. Daniel, Nature 163, 725 (1949). 


cally and allotropically pure long-chain compounds are 
of the first order (i.e., they possess a latent heat) and 
are not broad lambda-points or second-order transitions 
as suggested by Ubbelohde.® His. calorimetric data on 
n-octadecane (C,sH3s) iadicates an extremely broad 
melting point on warming,® but other work shows that 
on cooling both the transition and freezing point are 
sharp.’° It has also been clearly demonstrated that a 
large number of longer paraffins and paraffin deriva- 
tives? have first-order freezing and transition points.* 


9 A. R. Ubbelohde, Trans. Faraday Soc. 34, 289 (1938). 

( 10 Seyer, Patterson, and Keays, J. Am. Chem. Soc. 66, 179 
1944), 

* The reason for the broadening of the transition and melting 
points of compounds containing 18 to 22 carbon atoms is that a 
transformation of an entirely different character from that due to 
molecular rotation may interfere with the measurements. This 
transformation is between the vertical (=| =) and tilted (=/=) 
packing arrangements of long-chain hydrocarbons and their 
derivatives. Compounds which exceed a chain length of 24 carbon 
atoms usually remain in the vertical configuration in the solid 
state. Only vertical phases undergo rotational transitions. In 
molecules with 18 to 22 carbon atoms the vertical form slowly 
converts to the tilted form with the result that a nonequilibrium 
mixture of the two forms is apt to be studied. This often leads to 
the observation of unsharp melting and transition phenomena. 
The above difficulty may generally be avoided in the 18 to 22 
carbon atom region by making rapid runs with lowering tempera- 
ture or simply by employing compounds which exceed a chain 
length of 24. In the latter case the transitions are reversible. 
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Fic. 1. (a, b) Molecular structure of paraffins, (c, d) crystal struc- 
ture, (e) assumed potential function for hindered rotation. 


In the theoretical development which follows, it will 
be assumed that the molecules freeze into the vertical 
phase and remain in this condition above and below T;. 
For convenience the molecules will be referred to as 
“rotationally melted” and “rotationally frozen” above 
and below 7;. Sometimes the phases above and below 
T, are given the name® “rotator” and “prerotator.” 
Only nonpolar molecules or molecules with terminal 
dipoles will be considered. 


Il. THEORY 
1. Model 


Some pertinent details of the molecular! and crystal 
structure of long-chain molecules are shown in Fig. 1. 
In Fig. 1(a) an end view of a model of a paraffin 
molecule is depicted, and Fig. 1(b) shows a schematic 
side view of the carbon skeleton which is ribbon- 
shaped in solid phases. The ¢-axis is the axis about 
which rotation occurs, and y is the angle subtended by 
the dipole and the ¢-axis. In Fig. 1(c) an end view of the 
crystal array of paraffin molecules in the ground state 
is shown. It is assumed that end groups in this par- 
ticular layer point in the same direction. If the mole- 
cules are polar, they arrange themselves in a dipole-to- 
dipole arrangement" as shown in Fig. 1(d). These 
dipole pairs in the plane of the end groups arrange them- 
selves in a head-to-tail manner so that there is no perma- 
nent polarization in the ground state. The molecules are 
strongly constrained to a linear configuration by their 
neighbors. This puts a severe restraint on bending of the 


4 Francis, Collins, and Piper, Proc. Roy. Soc. (London) A158, 
691 (1937). 
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‘ its g-axis. This is suggested by the molecular model 






molecules as a whole, but some torsional twisting may 
be possible. 

Paraffin molecules are frequently supposed to have a 
single fixed position’ in the ground state. This implies 
that there is a single narrow minimum on the potential 
energy. The single minimum cannot be entirely a result 
of the ribbon-like shape of the molecules, otherwise two 
or more such positions would be evident. It may there- 
fore be surmised that the deep well is caused in part by 
the interaction of end groups. In polar compounds 
dipolar interaction may deepen the well. In the event 
that a molecule in the ground state is disturbed by 
thermal agitation, a large number of nearly equivalent 
equilibrium positions of higher potential energy should 
become accessible to the molecule as it rotates about 









[Fig. 1(c)] where it is seen that a hydrogen on the 
central molecule fits between at least 8 but probably 
no more than 18 of the hydrogens on the adjacent 
molecules, as the central molecule is rotated between 0 
and 27. The above considerations lead to a potential 
barrier of the type shown in Fig. 1(e). 






b 








2. Calculation of Rotational Order as a Function of 
Reduced Temperature 







In Fig. 1(e) V will be taken as the difference in depth 
of the deep and shallow wells and W, the depth of the 
wells of higher potential energy. It is clear that the 
molecule is a librator in such a system and that “rota- 
tion” consists in passing over a potential barrier into 
another well. 

The ground state will be designated “1” and the 
upper states by “2,” and Q will be taken as the de- 
generacy of the upper level. It seems natural to iden- 
tify 2 with the number of equivalent wells suggested by 
the model, and as a consequence 2 should be between 
8 and 18. 

According to statistical mechanics the ratio of the 
population of levels 1 and 2 is 


no/ny= Q exp(—V/RT). (1) 


The long-range rotational order x is defined as the 
fraction of molecules in the deep wells so that 


x=N;/(ny+N2). (2) 


It is now assumed that the forces locking the molecules 
in the deep well are broken cooperatively. It seems 
reasonable to believe that if one end group is out 0 
place it cannot interact so effectively with its neighbors. 
This cooperative effect will be accounted for by the 
Bragg-Williams zeroth-order approximation 


V=Vox. (3) 
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These relations lead directly to 
x= 1/[1+2 exp(—xT./T)], (4) 
where V»/R=T,. Equation (4) permits the fraction 0 
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molecules in the deep well to be computed as a func- 
tion of reduced temperature 7/7, for different values 
of 2. Plots of x versus T/T, for values of Q of 6, 12, and 
18 are shown in Fig. 2. When © reaches a value greater 
than e”, x becomes triple-valued over a certain tempera- 
ture range, and this suggests that a first-order transi- 
tion occurs in this region; this transition temperature 
will be located precisely by considerations based on 
free energy. Frank" has derived Eq. (4) from a different 
model in which the degeneracy of the upper states was 
that of a free rotator and noted such a model led to 
first-order transitions, but the implication that the mole- 
cules in the upper states are free rotators is unsatisfac- 
tory in the present case. 


3. Thermodynamic Quantities 


The energy involved in the disordering process may 
be calculated from" 


dE=—Voxdx, (S) 
which leads to 


= f ” Votde= (Vo/2)(1—28). (6) 


Straightforward procedures then lead to the heat 
capacity, entropy, and Helmholtz free energy which are 


C,= —Voxdx/dT = —Rxdx/dd; 0=T/T, (7) 
S—So=RL(1—x) nQ—x Inx—(1—x) In(i—x)] (8) 
A=(Vo/2)(1—22) 
—RT{(1—x) nQ—x Inx—(1—x) n(i—-x)]. (9) 
T, is the temperature at which the two roots of 
(0A/dx)7,=0, (10) 


which correspond to minima in a plot of A versus x, give 
equal values of A. Thus, the free energy of the two 
phases in equilibrium at 7; must be equal and at a 
minimum. It can easily be verified by the substitution 
in Eq. (9) of 

T,= V0/2R InQ, (11) 
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Fic. 2. Rotational order as a function of reduced 
temperature for various values of 0. 
es 
ae C. Frank, Trans. Faraday Soc. A42, 32 (1946). 
F. C. Nix and W. Shockley, Revs. Modern Phys. 10, 1 (1938). 
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Fic. 3. Calculated thermal and dielectric properties; 
T,=300°K Q=12. 


that A(z)=Aq_z» for all x, and that 0A/dx=0 is satis- 
fied by a certain value of x, say x, and by (1—2). 
Thus, the desired values of x at T; are symmetrically 
disposed} about the value x=3. The value x=} also 
satisfies the conditions of equilibrium except that it 
represents a maximum in free energy. A vertical line 
constructed through x=} on an x versus T/T, plot 
serves as the simplest way” to locate T; (see Fig. 2). 

C, and S—So have been calculated for the case 2= 12 
and 7,=300°K and plotted in Fig. 3. The theory 
leads to a gradual rise in entropy and specific heat (in 
excess of that resulting from other causes) in the rota- 
tionally frozen state and a first-order transition at 7; 
if 2 is greater than e?. There is a remnant of the effect 
of hindered rotation above 7. 


4. Static Dielectric Constant 


We shall use the Onsager equation in the form 





(’—n) = 


4nrNa jt ~] 


(12) 
3Vm L 2e’+n? 


to calculate the static dielectric constant e’ from the 
orientational polarizability a. 1 is the index of refrac- 
tion and V,, the molar volume M/d. While Eq. (12) is 
most commonly applied to liquids, there is no objection 
to applying it to solids consisting of rotating spherical 


molecules. In the present case where the dipoles are 


TA plot of A versus x near T; shows two minima and one 
maximum in A. At T; the ordinates at the minima are equal. 
4L. Onsager, J. Am. Chem. Soc. 58, 1486 (1936). 
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arranged in sheets in which rotation is 2-dimensional, 
the Onsager internal field is probably not strictly valid, 
but it is surely more correct than the Lorentz field, 
which leads to infinite values of the dielectric constant 
at low temperatures. 

For a polycrystalline substance consisting of mole- 
cules constrained to rotate about the ¢-axis in a sym- 
metrical potential well having three or more minima 
(or rotating freely) a is (uv? sin’°y)/3kT, since only the 
component of the dipole moment yu perpendicular to 
the ¢-axis can contribute to the polarizability.® The 
polarizability will be further reduced if the potential 
well is asymmetric as for the case «>0. For the present, 
we consider only the simple case where the unit cell 
contains two molecules [Fig. 1(d)]. The probability 
that both molecules are frozen in is x* and the con- 
tribution of these to the polarizability is zero; the prob- 
ability that both will rotate is (1—«)? and we assume 
that each contributes independently to the polariza- 
bility. If one molecule and the other is fixed, the prob- 
ability is 2x(1—«) and the pair contributes (gy? sin’y)/ 
3kT to the polarizability. The correlation factor g, 
which plays the role of Kirkwood’s correlation param- 
eter,” 1+2(cosy)w, is entered here, as one might 
expect the rotating member of the pair not to be random 
with respect to the fixed member.® One might also 
include a correlation for unit cells in which both dipoles 
rotate, but these will probably be weaker than those 
already considered. Using the above arguments, the 
polarizability is found to be 


a= (pu? sin’y/3kT)(1—x)(ge+1—x). (13) 


TABLE I. Static dielectric constants at 1 and 10 kc 
in the region of the freezing and transition points. 
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16 J. G. Kirkwood, J. Chem. Phys. 7, 911 (1939). 
16H. Frohlich, Theory of Dielectrics (Oxford University Press, 
London, 1949), p. 59. 
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In the event that g=1, i.e., there is no local ordering 
and hence no correlation, the polarizability is simply 


a= (u?/3kT) sin*y(1—x), (14a) 
but if a strong correlation exists as for g=2, we find 
a= (u2/3kT) sin’y(1—22). (14b) 


A much weaker correlation will lead to Eq. (14b) if 
more neighbors are included. Eq. (14b) is just the de- 
pendence of @ on x found by Frank” by a different 
method which involves arbitrary assumptions of its own. 

It is impossible to decide on the exact dependence of 
a on x unless detailed information is available concern- 
ing local ordering. Fortunately, however, the quantita- 
tive difference between Eqs. (14a) and (14b) (which 
results from drastically different degrees of local order- 
ing) is rather small in the important ranges of x. Follow- 
ing Frank, we have chosen Eq. (14b) as a working 
equation, but it must be remembered that this choice 
rests on specialized assumptions; the use of Eq. (14a) 
which is based on the supposition that the molecules 
are independent must be regarded as equally probable. 
Owing to a fortunate coincidence, the change in e’ at T,, 
computed from either Eq. (14a) or (14b) with (13) is 
the same for the important case Q= 12. 

The dielectric constant is calculated by first con- 
verting «(7/T.) for an assumed value of Q to x(T) by 
matching the observed value of T; with the first-order 
transition in an x versus T/T, plot. x(T) is then sub- 
stituted in Eq. (14) and a calculated as a function of 
temperature. Substitution of this quantity in Eq. (12) 
then yields e’(T). 

The theoretical effect of hindered rotation on the 
static dielectric constant is shown in Fig. 3 for the 
case 2=12, 7,=300°K, 42N uo?d/9kRM =300, and 
n?= 2.00. y was set at 1/2 and 7/4. The theory predicts 
a gradual rise in ¢’ which culminates in a first-order 
transition at T;. The factor 1—? is nearly unity above 
T,, so the reduction in ¢ in the rotationally melted 
state is principally caused by y. 


5. Dielectric Relaxation Effects 


The model implies there are two Debye-type relaxa- 
tion times below T;. Molecules may occasionally te 
orient under the influence of an applied field over the 
barrier W > from one position to another in state 2; in 
addition, molecules may occasionally be lifted out of 
the deep well over the barrier Wo+V into one of the 
upper wells. Thus we may write 


71,2=B exp(Wot+ V)/RT 
T2,2=B exp(Wo/RT), 


where 71,2 is the relaxation time of the transition from 
the deep well to the upper well, and ro, 2 is the relaxation 
time of the transitions in the upper well. There is 0° 
a priori way to compute B with the required accuracy, 
so we shall proceed in a manner which avoids the 
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by taking logarithms of Eqs. (15, 16) and subtracting. 
This yields 
logr1,2—logre »= V/2.303RT. (17) 


Thus the difference of the relaxation times (in decades) 
is equal to 2x InQ/2.303 at T;. For the case Q=12 
where «=0.86 just below T;, the two relaxation peaks 
should occur two decades apart. Below 7; the two 
relaxation times will diverge. Above 7; the relaxation 
times will be so close as to be virtually indistinguishable.t 

The behavior of the two relaxation times with tem- 
perature is illustrated in Fig. 3, where B has been 
set at 10-!° sec, Q=12, T,=300°K, and W, at 1 kcal/ 
mole. 

The ratio of the intensities of the two loss peaks, 
I,2/I;,2, will be of the order of magnitude 


To» nz expl —Wo/RT] 
= 2. 
The Ny exp[ — (Wot V)/RT] 


The numerator of Eq. (18) shows that the intensity of 
the 2,2 line should drop with decreasing temperature. 
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6. Properties as a Function of Chain Length 


If the molecules are assumed to be rigid rods, Q 
should be constant with chain length, and the barrier 
Vas a function of chain length may be written 


Vo(m) =2Ve.g.+ (m— 2) Vecn,, (19) 


where m is the chain length, V..¢. the barrier caused by 
one of the end groups, and Vcu, the barrier caused by 
each —CH.— group. Combination of (11) and (19) 
yields 






























T (m)=[2Ve~g.+(m—2)Vou,]/2RInQ. (20) 


This shows 7; will vary in a linear way with chain length 
if the molecules behave as rigid rods and if V~.g, is not 
temperature dependent. 

The effect of torsional twisting of the chains on 7;,(m) 
would be to cause J; to be lower than expected from 
Eq. (20) for very long chains. Part of this effect would 
bea result of an increase of 2 with chain length and 
part of it a result of curvature in Vo(m). The latter may 
be taken into account using a modification of Fréh- 
lich’s theory of chain twisting (reference 16, p. 128) 
which gives Vo(m)=Vcu,:m tanh(m/m). m is inter- 
preted as the chain length where twisting becomes ap- 
preciable. In the present application we prefer to in- 


"4 the interactions caused by the end groups, so 
that 


T=[2Vo¢.+-mVcu,:tanh(m—2/m)]/2R nQ(m). (21) 


Ifthe twisting is not so severe as to cause 2(m) to change 
appreciably, Eq. (21) may be used to analyze T; versus m 


plots for a homologous series. It should be remembered 
es 






tIf 10>2>e, two relaxation processes might be resolved 
above T,, 
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necessity of knowing either B or Wo. This may be done 


TABLE II. Dielectric constants and loss factors 
in the rotationally frozen state. 














n-Co2HasBr n-CooHeBr 
10 ke “1 ke 10 ke 
F fies é ial é ’ é € 
20 oon coe 2.45 ose coe 0.017 
10 2.40 0.008 2.45 0.01 cee 0.031 
0 2.37 0.008 2.42 0.027 2.41 0.040 
—10 2.34 0.009 2.37 0.038 2.35 0.035 
—20 2.32 0.012 2.33 0.031 2.30 0.022 
—25 eee 0.014 eee eee coe 0.017 
—30 2.31 0.014 2.28 0.016 2.25 0.015 
—35 2.29 0.012 tee tee tee 0.015 
—40 2.28 0.009; 2.25 tee 2.23 0.011 
—50 2.27 + 0.008 2.23 see 2.21 0.005 
—60 2.26 see 2.22 tee 2.20 0.003 
—70 2.26 2.21 tee 2.20 tee 








that V.... may vary slightly with temperature. If m is 
large compared to m, then tanh(m—2/m)=m—2/m 
and Eq. (21) reverts to (20). 

The entropy of transition at constant volume (for the 
case where © is large) is given by§ 


AS 7&R InQ. ; (22) 


Thus, AS7 should be independent of chain length unless 
the molecules twist appreciably, and so cause 0 to in- 
crease with chain length. It would be a mistake, how- 
ever, to compare Eq. (22) with the observed entropy of 
transition because the observed value contains a large 
contribution as a result of expansion. If one adopts the 
view that a melting or transition process may be re- 
garded as an expansion at constant order followed by a 
disordering at constant volume,!’ the observed entropy 
will consist of R InQ+ AS expansion) Where 


AS (expansion) = 2.34: 10-°AVa/B. (23) 


In this equation a, the cubical coefficient of expansion, 
is in deg; 8, the cubical compressibility, is in cm? g~; 
and AV, the change in molar volume at 7;, is in cm*/ 
mole. 


III. EXPERIMENTAL 


The dielectric constant ¢’ and dielectric loss ¢”’ (at 
1 and 10 kc) of n-docosyl bromide (C22H,;Br), n-octa- 
cosane (CosHjs), and m-tricontyl bromide (C3oH¢:Br) 
have been measured over a wide temperature range 
covering the liquid, rotationally melted, and rotation- 
ally frozen states. These measurements were made in a 
cell of 14.95 uyf capacitance on an impedance bridge. 
The results are shown in Tables I and II. The é’ values 
are accurate to +1 percent and the e” values to better 
than +0.003. The values on C22H,sBr are very close to 
those measured previously. The temperature measure- 
ments were made with a platinum resistance thermom- 
eter. CoHysBr and CgoHeiBr were purified by vacuum 


distillation. The physical properties of the compounds 


§ Eq. (8) may be employed if a more exact value of ASr is 
desired. 
17R. A. Oriani, J. Chem. Phys. 19, 93 (1951). 
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TABLE III. Physical properties of the compounds. 





































Ty, hs, Tr, Density 
M.W. ‘Thiswork Lit. | Thiswork Lit. - np (liquid) quem ° Eteald Solid 
CooHyBr 389.3 40.0 40.55 29.8 30.55 1.458(40°) 2.26 1.00(40°) 1.15(35°)8 
CosHss 394.5 60.7 61.219 53.5 54.010 1.428(61°) 2.18 0.78(61°)!° 0.89(55°) 
CyHeiBr 501.4 66.4 57.0 1.414(67°) 2.21 0.92(67°)* 1.06(60°)* 






















« Estimated from data in reference 18. 





are shown in Table III. Some of the density data have 
been taken from the literature." 

The loss tangent, tané, was measured on the rota- 
tionally frozen phase of Co2H,;Br at 25°C over a wide 
frequency range (Table IV). The methods are given in 
the table. The error in tanéd probably does not exceed 
+0.0003. Values of ¢’ and &’ were obtained on the 
rotationally melted phase of CosH4;Br at 35°C at 3.12 
cm (Sec. IV). 

The specific heat and cooling curve data (Sec. IV) 
on these compounds were obtained in a differential 
calorimeter." A summary of the thermodynamic data 
is given in Table V. It is believed the data are correct 
to about +5 percent. The runs on CogHsg and CgoHe: 
were made on warming. The data on C2.H,;Br-were 
first obtained on cooling and then on warming after 
standing 48 hr at 0°C. 


IV. COMPARISON OF THEORY AND EXPERIMENT 


1. Calculation of the Static Dielectric Constant 


The required values of M, d, and e,’ (which replaces 
n”) for use in the Onsager formula are given in Table I. 
The proper moment for use in Eq. (14) is the gas 
moment which is 2.15 Debye for the chain bromides.”° 
y is 35° if the dipole is assumed to be rigidly connected 
to the rest of the molecule. 

When «¢’(T) is computed for solid n-C.2.H4;Br and 
n-C3oHegiBr for the case 2=12 (Figs. 4, 5) a good 
fit is obtained. If Q is taken as 18, the subtransitional 
rise in ¢’ is too small, and if Q is taken as 8, the dis- 
continuity in é’ at T; is too small. It may be concluded 
from these calculations that 2=12+4. 

The general features of the dielectric transitions seem 
correctly predicted. In particular, a first-order dis- 
continuity occurs at 7;. This is in contrast with the 
results obtained with a two-position theory (reference 
16, p. 146) which yields second-order transitions. It 
should be remarked that the rotation of the molecules 
is hindered above and below 7;. @ always contains 
a factor of sin*y in the solid state because the rotation 
is restricted to one degree of freedom. || 

— Hennelly, and Smyth, J. Am. Chem. Soc. 72, 2071 

. YD. Hoffman, J. Am. Chem. Soc. (to be published). 

(sss) P. Smyth and A. L. McAlpine, J. Chem. Phys. 3, 347 
|| If the value 2.15 Debye is used to compute e’ for the liquid 

bromides, the results are too high. This means g is less than unity 

for the liquid. Since x-ray evidence indicates some aligning of 


long-chain molecules in the liquid state, part of this reduction in g 
may in fact be a result of a sin*y factor. 






The nonpolar compound CosH;s will now be con- 
sidered. Just above Ty, é’ is 2.044, and just above 7, it is 
2.240. If these data are inserted in the Clausius-Mossoti 


formula 
[(é—1)/(¢'+2) ]M/d= P., 


where P, is the molar electronic polarization, it is found 
that d,/d;=1.13, for this nonpolar substance in good 
agreement with the value d,/d;=1.14 found by direct 
density measurement (Table I). The dielectric constant 
of the rotationally melted phase increases about one 
percent between 7; and T;. This is probably caused bya 
slight increase of the amount of material between the 
condenser plates. Surprisingly, at T;, e’ drops one per- 
cent even though the density increases a few percent. 
This effect at 7; is very small compared to that in the 
polar compounds, and may be a result of a drop in 
electronic polarizability, or more likely, to cracks in the 
dielectric. The dashed line in Fig. 5 (lower) shows the 
value of ¢ that would be obtained using d,/d,=1.13 
with the density assumed constant below 7y, just as was 
done for the polar materials. 
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2. Dielectric Relaxation Phenomena 






It has already been mentioned that when Q= 12 and 
T,=300°K, two relaxation regions approximately two 
decades apart should appear just below 7; because of 
the assymmetry of the potential energy barrier. The 
frequency sweep of n-docosyl bromide (Fig. 6) at 25°C 
clearly shows two relaxation regions. They are 2.2+0.| 
decades apart. This again shows 0 is close to 12. 

Another method of finding the two relaxation times in 
the rotationally frozen state is to examine €” versus T al 















TABLE IV. Tané of n-C22HyBr at 25°C (rotationally frozen phas 
from 10* to 10'° cycles/sec). 




































Frequency cps Tané Method 
1.0 10! 0.0012 
3.0X 10* 0.0013 Bridge” 
1.0 105 0.0017 
1.5X< 10° 0.0040 
2.4X 10° 0.0043 
5.0X 108 0.0051 (Susceptance 
8.5X 10° 0.0053 \vesiation 
2.0 107 0.0046 
8.0 107 0.0044 
5.5X 108 0.0070 Re-entrant cavity 
9 
a 
Fig 
bromi 
a & =2.27. Dashe 






> These measurements were made with a 40 uuyf cell. 
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INTERMOLECULAR ROTATION IN SOLIDS 


























Fic. 4. Dielectric constant of n-docosy! bromide as a function of 
temperature in the transition region. Arrows indicate direction 
in which temperature is changing. Dashed lines indicate theoretical 
values. 


low temperatures for two loss peaks at constant fre- 
quency. The data for C3>H¢i:Br show these two peaks at 
(°C and —35°C at 10 kc (Fig. 7). A loss region was 
also detected in C22H,;Br at low temperatures, but it 
could not definitely be proved to be a double maximum 
because the loss was near the limit of observation. In 
any event strong evidence of the two predicted relaxa- 
tion times in the subtransitional state has been found 
in both polar compounds. 

Frohlich (reference 16, p. 146) has suggested that a 
high frequency peak may appear in polar long-chain 
compounds as a result of resonance (Lorentz) absorp- 
tion. This theory indicates + should be ~10-” sec 
(corresponding to an fmax of ~10" cycles/sec). The 
upper peak in Co2H4;Br (72,2) occurs at too low a fre- 
quency (10° cycles/sec) to be accounted for by such a 
mechanism, and it is extremely unlikely that either of 
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Fic. 5. Dielectric constant of m-octacosane and n-tricontyl 
"omide in the transition region. Transitions are reversible. 
ed lines indicate theoretical values. 
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Fic. 6. Loss tangent of n-docosyl bromide as a function of 
frequency in rotationally frozen state. 


the two peaks in CsoH¢:Br observed at 10‘ cycles/sec 
could be resonance absorption. Furthermore, the data 
of Cook and, Buchanan on C;sH3:COOCH;' show that 
the intensity, of the high frequency line in this com- 
pound drops markedly with decreasing temperature, in 


TABLE V. Thermal data. 








n-Co2HasBr n-CosHss = n-CaoH i Br 


Ahr(cal/g) 11.8 12.8 9.5 

AS 7(cal/mole/°C) 15.1 eu 15.0 eu 14.4 eu 

Ah;(cal/g) 23.0 (cooling) 38.1 38.0 
48.5 (warming)* 











® After standing 48 hr at 0°C. 


contrast to what would be expected for resonance 
absorption but in accord with Eq. (18). Our conclusion 
is that both of the peaks observed in this research, as 
well as those of Cook and Buchanan” are of the Debye 
type. Higasi and Ozawa” have arrived at the same 
conclusion on different grounds. 
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Fic. 7. Dielectric constant and loss factor of n-docosyl bromide 
and n-tricontyl bromide in the rotationally frozen state as a 


function of temperature. 


21H. F. Cook and T. J. Buchanan, Nature 165, 358 (1950). 
# H. Higasi and M. Ozawa, J. Phys. Soc. Japan 6, 280 (1951). 
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Fic. 8. Cole plot of n-dodecy] stearate (a) after Crowe and Smyth, 
and m-docosyl bromide (b) in the rotationally melted phase. 


In accord with expectation, the 72. line is stronger 
than the 71,2 line (Fig. 6). Quantitative agreement of 
the observed value of J2/JIj. and the value obtained 
from Eq. (18) is not to be expected since such details 
as the exact barrier shape have not been taken into 
account. 

The present study of relaxation phenomena in the 
rotationally melted state, where the potential barrier is 
nearly symmetrical, is confined to the measurement of 
é’ and é” at 3.12 cm on CoeHasBr at 35°C. These data 
are shown in Fig. 8 with appropriate ¢’ and ¢,’ values 
in a Cole* plot. The fact that a full semicircle is found 
suggests a small distribution of relaxation times ap- 
parently limited to a single relaxation region. For- 
tunately, the above data may be strengthened by those 
of Crowe and Smyth? who have succeeded in obtaining 
sufficient points in the rotationally melted phase of 
n-dodecyl stearate (CivH3s;COOCi2H2s) to make a 
virtually complete Cole plot. These data are also shown 
in Fig. 8. It seems clear there is but one large relaxation 
region of the 2,2 type; a small distribution of relaxation 
times in this compound is indicated by the fact that the 
center of the circle is below the ¢’-coordinate. Very 
detailed measurements of the kind described above may 
succeed in revealing a remnant of the 71,2-peak 
above Tr. 


3. Calculation of Q from Thermodynamic Data 


The observed entropies of transition of the com- 
pounds are all close to 15 eu (Table V). This must be 
the sum of the entropy of expansion and the configura- 
tional entropy RInQ. The values” of a (cubical) for 
hydrocarbons 20 to 30 carbon atoms long all lie close to 
45 10-* deg, and Miiller’s data* on the compressibil- 
ity of n-CosHyg and commercial paraffin wax give 6 
(cubical) = 2.06 10-® cm? g™ and 1.7X10-* cm?-g™, 
respectively. AV is 16.5 to 18 cm*/mole for compounds 
containing 20 to 30 carbon atoms.!® With these data in 
Eq. (23) it is found that AStexpansion) = 9.72.0 eu. If 
this is added to R 1ni2=4.9 eu, the result is 14.64+2.0 
eu in good agreement with the observed values. It is 
satisfactory that this thermodynamic method suggests a 


%K.S. Cole and R. H. Cole, J. Chem. m4 9, 341 (1941). 
% A. Miiller, Proc. Roy. Soc. (London) A178, 227 (1941). 


value of 2 consistent with those found from dielectric 
properties. 


4. Specific Heat Data 


In order to compare the observed and theoretical 
specific heat values caused by hindered rotation, it 
would be necessary to have detailed a- and 6-values for 
the rotationally melted and rotationally frozen states 
since C,=C,—a?VT/B. Such detailed data are not 
available. It may be noted, however, that there is a 
subtransitional rise in C, which may be ascribed to the 
onset of hindered rotation (Fig. 9). The values of C, in 
the rotationally melted phases are surprisingly high. 
This may be a result of the fact that the a is high in 
these phases.!° The rapid rise of C, in CogHsg just below 
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Fic. 9. Specific heat of n-tricontyl bromide and m-octacosane in 
the region of the transition and melting points. 


T; is probably a result of the fact that this compound 
is not as pure as the other materials. 


5. Order of Transition: Vertical-Tilted 
Transformations 


The automatically recorded cooling curve of C22Husbr 
is shown in Fig. 10. This curve shows that the freezing 
and transition points are first order despite the fac 
that this compound is in the critical 18 to 24 carbon 
chain length where vertical-tilted transformations occu! 
readily. The vertical-tilted transformation was “& 
liberately induced in C22H,;Br by allowing the materitl 
to stand in the calorimeter for 48 hr at 0°C. When ¢ 
was measured on rewarming, virtually no transitio! 
effect appeared, and the melting point was unsharp * 
shown in Fig. 4 (inset). This illustrates what a vertic 
tilted transformation can do to induce “second-order 
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melting and transition effects. The other two com- 
pounds exhibit completely reversible first-order rota- 
tional transitions and melting points in similar experi- 
ments because the vertical-tilted transformation does 
not intervene. 

By subtracting (Ahjreezingt Ahr) from Ahjusion{] for 
C.»:H,sBr, it was found that the enthalpy change of the 
yertical-tilted transformation was approximately 











AA vertical-stilted = 5-3 kcal/mole. (25) 


The tilted form of C22H,;Br is more stable, has a higher 
melting point, and no rotational transition. The corre- 
sponding transformation** in the Co2Hy4 liberates 6.4 
kcal/mole.”5 









6. Physical Properties as a Function of Chain 
Length: Chain Twisting and Internal 
Rotation Effects 





It may be seen in Fig. 11(a) that T7 varies in a nearly 
linear manner with chain length for the m-paraffins’® as 
indicated by Eq. (20). This supports the hypothesis 
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Fic. 10. Tracing of automatically recorded cooling curve 
of n-docosyl bromide. 






that the chains may be regarded as rigid rods to a fair 
approximation. The curvature is so slight that if 
Eq. (21) is used, m must be set at a value greater than 
100 to obtain a fit. It may therefore be concluded that 
chain twisting causes no large effects for the chain 
lengths studied. Analysis of the Tr versus m data, using 
Eq. (20) with Q=12, shows then V..¢. is ~ 1.0 kcal/mole 
and Vou, is ~25 cal/CHe. 

If the entropy of fusion of the m-hydrocarbons with 
8 to 16 carbon atoms (which have no transitions) are 
extrapolated to longer chain lengths, the sum of the 
entropy of transition and melting of the longer members 
falls fairly close to this line (Fig. 11(b)). This suggests 
——— 

1 Measured after standing 48 hours. 

*The enthalpy change in a process of this type is often called 
e¢ heat of “transition” in the literature. The vertical-tilted 
change is an irreversible and time-dependent effect which occurs 
over a wide temperature range in these compounds, while the 
‘otational transition occurs reversibly at a definite temperature. 
t seems best to differentiate between these two effects by using 
ne term transformation for the vertical-tilted change and transi- 


ar for the first-order rotational change. 
Garner, VanBibber, and King, J. Chem. Soc., 1553 (1931). 
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Fic. 11. (a) Transition and melting points of m-paraffins and 
transition points of m-bromides as a function of chain length. 
(b) Entropies of fusion and transition of m-bromides and 
n-paraffins as a function of chain length. 


that the melting process in the longer molecules is 
divided into two parts: rotational melting at T7 and 
total melting at T;. 

It could be argued that the bromine atom in the polar 
molecules is orienting independently of the rest of the 
molecule, and that this internal rotation leads to one 
of the two observed dielectric relaxation times. An 
orientation of the dipole of this type would require 
a severe distortion of the neighboring molecules and 
seems rather unlikely. 

One indication that long chain molecules rotate as a, 
unit may be had in the fact that unsymmetrical esters* 
and solid solutions of ketones in paraffins® (where the 
dipole is rigidly connected to the molecule) exhibit 
hindered rotational transitions of exactly the same 
general character as those found in paraffins and bro- 
mides. Another indication that the polar group does not 
orient independently is given by the fact that x-ray’ and 
dielectric data® on long-chain alcohols both lead to the 
same conclusion concerning the nature of rotation above 
and below T'7. This could not be true unless the -OH 
group were affixed to the hydrocarbon part of the 
molecule with an effective barrier considerably greater 
than the barrier to intermolecular rotation. 
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The dielectric properties of a series of long-chain esters have 
been investigated in the solid state. Like other long-chain mole- 
cules containing 20 or more carbon atoms, most of the ester mole- 
cules showed evidence of hindered molecular rotation about their 
long axes in the crystal lattice. It was also found that higher di- 
electric constants resulted when the samples were rapidly frozen 
than when they were allowed to solidify gradually, the effect being 
more pronounced as the chain length was increased. In order to 
explain this behavior, it has been assumed that the esters may 
crystallize in an ordered lattice in which the dipoles are in a plane, 
or in a longitudinally disordered lattice in which some of the 
chains are reversed. In the latter case, the dipoles may or may not 
form two planes depending upon the position of the polar group in 
the chain. It has also been assumed that the degree of longitudinal 


(Received November 23,1951) 


disorder increases with increase in freezing rate. Once frozen in, 
however, it remains fixed until the sample is remelted. 

The potential barrier hindering rotation has been assumed to be 
much higher in the ordered state than in the disordered state 
because separation of the dipoles should lower steric and dipole 
interaction in the latter. Since the rotational transition tempera- 
ture is proportional to a potential energy difference Vo related to 
the barrier against rotation, the transition temperature should 
increase with increase in longitudinal order. In a completely or- 
dered ester or a nearly symmetrical disordered ester, the barrier 
may be sufficiently high to raise the transition point to a tempera- 
ture near or above that of fusion. The experiments agree with these 
assumptions. 





I. INTRODUCTION 


INCE the conclusion reached by Miiller' in 1932 
that long-chain hydrocarbon molecules may as- 
sume a state of hindered rotation about their long axes 
in the solid state, dielectric constant measurements 
have shown that this behavior persists even when a 
polar group is introduced at the end of the chain. 
These polar molecules include long-chain alcohols,”*® 
bromides** and ethyl esters.*® Andrew’ has recently 
confirmed Miiller’s original conclusion by nuclear 
resonance studies on crystalline -octacosane (n-C2sHss) 
and dicetyl (n-C32H¢s). It is now clearly understood 
that the chains do not rotate freely in the lattice and 
that rotational oscillation is a more accurate descrip- 
tion. Inasmuch as the rotation of molecules in this 
sense appears to be a typical order-disorder phenomenon 
culminating in a first-order transition, we will refer to 
this effect as rotational disorder. ° 
A recent investigation of the dielectric properties of 
a number of long-chain alkyl esters® has revealed that 
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Fic. 1. Longitudinally ordered and disordered phases in 
crystalline long-chain esters. 


1A, Miiller, Proc. Roy. Soc. (London) A138, 514 (1932). 

2 J. D. Hoffman and C. P. Smyth, J. Am. Chem. Soc. 71, 431 
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3 J. D. Hoffman and C. P. Smyth, see ref. 2, 72, 171 (1950). 
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(1938). 

7E. R. Andrew, J. Chem. Phys. 18, 607 (1950). 

®R. W. Crowe and C. P. Smyth, J. Am. Chem. Soc. 73, 5401 
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rotational disordering of chains is also possible when 
the polar group is introduced near the center of the 
molecule. During the course of this investigation, 
however, two unusual phenomena were observed: (1) 
a definite dependence of the dielectric constants and 
transition points of the solid esters upon rate of solidifi- 
cation, and (2) a striking dissimilarity in dielectric be- 
havior depending upon the symmetry of the molecule 
in respect to the placement of the polar group. This 
paper is an attempt to explain, at least qualitatively, 
these phenomena in terms of permanent Jongitudinal 
disorder or reversal of chains in the crystals realized 
during solidification (Fig. 1). 


Il. EXPERIMENTAL 


The esters investigated include n-decyl palmitate, 
n-dodecyl palmitate, u-tetradecyl palmitate, m-hexa- 
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Fic. 2. Variation of the dielectric constant of n-dodecy] stearate 
with increasing temperature after freezing times of one-half hou! 
A and _two hours O. 
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DIELECTRIC PROPERTIES 


decyl palmitate, n-dodecy] stearate, n-tetradecyl stear- 
ate, m-octadecyl stearate, and m-octadecy acetate. The 
methods of preparation, purification, and measurement 
of dielectric properties have been described in an earlier 
publication. Approximately eight grams of sample 
were required to fill the measuring cell. The measure- 
ments were made for the most part at five kilocycles, 
and in some cases at a lower frequency to insure that 
the static dielectric constant was always obtained. Di- 
electric relaxation phenomena will not be considered 
here. In order to make the picture more complete, data 
taken from the literature for ethyl stearate’ (Ci7H35- 
COOC:2Hs) and ethyl behenate® (C2:H4sCOOC:2Hs) have 
been included in the discussion. 


III. DISCUSSION 


Dielectric evidence for hindered molecular rotation 
or rotational disorder of polar molecules in the crystal 
lattice consists in the solid having a dielectric constant 
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40 





Fic. 3. Temperature dependence of the dielectric constant of 
vs palmitate after freezing times of one-half hour O and two 
ours A, 


similar to that of the liquid, i.e., one considerably 
larger than n?, the square of the refractive index. This 
effect should not be confused with subtransitional di- 
electric phenomena, which often cause the dielectric 
constant to be slightly above n*. Normally, molecules 
containing 20 or more carbon atoms in the chain show 
evidence of molecular rotation between the freezing 
point and a first-order rotational transition point. In 
the shorter molecules, the rotational transitions are 
normally monotropic because of an irreversible trans- 
formation to a third crystalline form with a higher 
melting point.? Above 24 carbon atoms, however, the 
transitions are completely reversible and the higher 
melting form usually can be realized only by crystalliza- 
tion from solvent. 

_ Contrary to expectation, certain of the esters showed 
little or no evidence of rotational disorder in the solid 
state even though the chain length was much longer 
than is usually necessary to induce rotation (Fig. 6), 
while closely related members of the series showed the 


OF LONG ESTERS 








Fic. 4. Temperature dependence of the dielectric constant of 
n-octadecy] stearate. Little dependence upon rate of freezing. 


expected behavior (Figs. 2-5). Furthermore, the abso- 
lute values of the dielectric constants of the rotator 
phases of the latter depended strongly and uniquely 
upon the rate of solidification. We wish to advance the 
following hypothesis to explain these phenomena. 

It is believed that the long molecules may arrange 
themselves in a more or less ordered or disordered array 
in the crystal lattice, depending upon the rate of 
solidification. A simplified picture of this type of be- 
havior is shown in Fig. 1. 


A. Longitudinal Disorder and Rate of 
Solidification 


Whenever, in the present investigation, rotational 
disorder was evident in the solid esters, the dielectric 
constants were found to be dependent upon rate of 
solidification, higher values being obtained after rapid 
freezing as shown in Figs. 2, 3, and 5. Once the samples 

















Fic. 5. Variation of the dielectric constants of n-octadecyl 
acetate and m-hexadecyl palmitate with decreasing temperature 
after freezing times of one-half hour A and two hours O. 





552 


were frozen, their dielectric constants assumed time- 
independent values for any given temperature below 
the freezing point.* If the longitudinal disordering of 
chains does exist in these compounds, it is obvious that 
the degree of disorder will be promoted by rapid freez- 
ing. It is also logical that the dipoles do not form a 
continuous plane in the disordered state as they do in 
the ordered, providing the polar group is not in the 
center of the molecule. It has been found that pure 
symmetrical ketones, in which longitudinal disorder is 
impossible, do not show rotational disorder in the 
solid.*!° This would lead us to expect that hindered 
molecular rotation would be difficult in the ordered 
state of esters because of similar steric or dipole inter- 
action effects. The dielectric constants of the longi- 
tudinally ordered esters should therefore be comparable 
to those of symmetrical ketones. In a region of longi- 
tudinal disorder, however, polar groups in adjacent 
chains may be sufficiently separated from one another 
that their interaction is no longer so important and the 
chains may rotate. Variations in the degree of longi- 
tudinal disorder that can be frozen into the samples 
can thus result in corresponding variations in orienta- 
tion polarization as has been observed. An important 
characteristic of longitudinal disorder is that, once frozen 
in, it remains unchanged until the sample is remelted. 

It can be seen in Figs. 2, 3, and 5 that the dielectric 
constant and thus the degree of longitudinal disorder 
increases not only with increase in freezing rate, but 
also with increase in total chain length for a given freez- 
ing rate. An extreme example of this behavior is illus- 
trated in Fig. 5. The relatively short n-octadecyl ace- 
tate exhibited a dielectric constant near n’ after gradual 
solidification, while even rapid freezing yielded a value 
far below that of the liquid. The much longer n-hexa- 
decy! palmitate, on the other hand, invariably yielded 
a solid dielectric constant significantly above that of 
the liquid,} with much less dependence upon freezing 
rate. With m-octadecyl stearate (Fig. 4), the chain 
length was apparently long enough that nearly complete 
longitudinal disorder was realized when the sample was 
solidified gradually. Such a trend is to be expected 
since a more severe rearrangement is undoubtedly re- 
quired for very long molecules to form an ordered con- 
figuration in going from the disordered liquid to the 
longitudinally ordered solid. 

Contrary to what one might expect from the fore- 
going statements concerning the unsymmetrical esters, 
. it has been reported that unsymmetrical ketones do not 
rotate in the solid state.!° The possible reason for this 


* In some of the shorter alcohols,? different rates of freezing led 
to different dielectric constants in the solid state, but the di- 
electric data were time-dependent. The effects in alcohols were 
due to an irreversible vertical-tilted transformation in the rotator 
phase. Such a transformation does not take place in long esters. 

® A. Miiller, Proc. Roy. Soc. (London) A158, 403 (1937). 
(1981) Daniel and K. H. Stark, Trans. Faraday Soc. 47, 149 

1). 

t The increase in dielectric constant at the freezing point is due 

to the normal increase in density accompanying solidfication. 
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is that molecules of sufficient chain length have not been 
investigated with the techniques employed here, i.e., 
variation in freezing rate. 

Buckingham’ concluded from a dielectric investiga- 
tion of ethyl behenate that variations in dielectric 
constant with rate of solidification were the result of 
variations in the manner in which the crystallites 
aligned themselves between the plates of the measuring 
condenser. Although such behavior could lead to dif- 
ferences in the value of the dielectric constant because 
of the anisotropic nature of the crystals, it seems un- 
likely that such slight variations in solidification rate 
could have such a profound effect upon crystal align- 
ment. Further evidence against Buckingham’s hy- 
pothesis will be mentioned later. 


B. Rotational Transitions in Longitudinally 
Disordered Phases of Esters 


The rotational transitions in the long-chain esters 
were, in some cases, difficult to find because of the 
tendency of their rotationally disordered phases to 
super-cool. The rotator phase of n-dodecyl] stearate 
could be super-cooled as much as 17° before the transi- 
tion took place, while the transition in -decy] palmitate 
could be found only on warming. Because of this uncer- 
tainty, transition temperatures are reported only as 
observed during warming. In only two members of the 
series, n-octadecyl acetate and n-hexadecy] plamitate, 
was it impossible with the techniques employed to 
locate the transition temperature. Since n-dodecy! 
stearate was examined more completely in the region 
of its transition point than the other esters in the 
present work, its behavior will be used as an example 
in the following discussion. 

n-Dodecyl stearate exhibited a first-order and re- 
versible rotational transition (Fig. 2) similar in nature 
to those found in long-chain bromides,‘ alcohols,’ and 
paraffins.’ The temperature of this transition was 
found, however, to shift to lower values with increase 
in degree of longitudinal disorder, but remained sharp. 
Such a shift cannot be accounted for by Buckingham’s 
conclusion. Apparently, almost any degree of longi- 
tudinal disorder may be frozen into a sample, and the 
rotational transition temperature then depends uniquely 
on the degree of this disorder. 

The shift in transition temperature 7, with degree 
of longitudinal disorder may be understood in terms of 
a recent treatment‘ of hindered molecular rotation in 
long-chain compounds, in which the potential energy 
difference Vo associated with rotation is assumed to 
be as shown in Fig. 7(b). A consequence of this treat- 
ment is that 7; is proportional to Vo. 

If longitudinal disorder is present, the average value 
of Vo should be different than that observed for the 
ordered state. Let Vo(c) be the value of Vo averaged 
over a lattice whose long-range longitudinal order is 





not been 
ere, i.e., 


nvestiga- 
dielectric 
result of 
ystallites 
leasuring 
d to dif- 
; because 
2ems un- 
tion rate 
tal align- 
m’s_hy- 


nally 


in esters 
e of the 
hases_ to 
stearate 
1e transi- 
yalmitate 
is uncer- 
only as 
rs of the 
lamitate, 
loyed to 
-dodecy! 
le region 
s in the 
example 


and re- 
n nature 
ols,? and 
tion was 
increase 
2d sharp. 
ingham’s 
of longi- 
and the 
uniquely 


h degree 
terms of 
tation in 
il energy 
umed to 
ris treat- 


ge value 
1 for the 
averaged 
order is 


DIELECTRIC PROPERTIES OF LONG ESTERS 


TABLE I. 








Name Formula 


Chain length 
(mi +m2+1) 


Symmetry 


(mi —m2) Rotation Ty Ts 





(1) Ethyl behenate 

(2) n-Octadecyl acetate 
(3) Ethyl stearate 

(4) n-Decyl palmitate 

(5) n-Dodecy]l stearate 

(6) n-Hexadecy] palmitate 
(7) n-Octadecyl stearate 
(8) n-Dodecy] palmitate 
(9) n-Tetradecyl stearate 
(10) n-Tetradecy] palmitate 


Co:H,4;COOC2H; 
CH;COOCisH37 
Ci7H3;COOC:H; 
CisH3,COOCioHa1 
Ci7H3sCOOC2Hos 
CisH3s1COOCi6H33 
Ci7H3sCOOCisH37 
CisH31,COOCi2Hos 
Ci7H3sCOOC4Ho 
CisH31:>COOCi 4H 


18 yes 47.8 43 

18 yes 30.1 ? 

14 yes 30.5 23.6 

4 yes 29.0 10 

yes 42.0 23 
yes 51.0 ? 
yes 60.0 57 
no 38.5 None 
no 50.1 None 
no 47.0 None 








specified by an order parameter o, 
o= (Na—ng)/(Natng), 


Here mq is the number of molecules whose long axes 
are oriented in a specified direction, and mg is the number 
oriented in the opposite direction (see Fig. 1). 

It may then be shown that (see Appendix I) 


Vi(o)= Vo(1)— (1—o)AV: AV= Vo(i)— V (0). (2) 


In the present application, AV is positivet because of 
the interactions of carbonyl groups of neighboring 
pairs of a-type or 8-type molecules. Therefore, the 
transition temperature is lowered by disordering ac- 
cording to the relation, 


T (a) < Vo(1)— (1—o?) AV. (3) 


If AV is large enough, one may observe a transition in 
a disordered phase of a substance whose ordered phase 
possesses only a virtual transition above its ordinary 
melting point. 

If a sample were cooled at an extremely nonuniform 
rate, it should be possible to obtain microphases with 
rather wide fluctuations in o. This would lead to varia- 
tions in J, which would broaden the transition points. 
No such experiments are at hand. 

It is very curious that, in certain of these esters, one 
can permanently freeze in practically any desired de- 
gree of longitudinal order (c), and that this in turn 
affects the first-order transition temperature associated 
with a cooperative change in rotational order. 


O0<eK<. (1) 


C. Calculation of the Dielectric Constant 
of n-Dodecyl Stearate 


In order to estimate the static dielectric constant €0 
of long-chain compounds it is necessary to know u, the 
dipole moment perpendicular to the chain axis, and the 
degree of rotational order «. The latter is essentially 
the fraction of molecules frozen in deep wells (Fig. 
i(b)) as opposed to those of higher energy. In the 
present case 4 may be estimated by assuming that the 


keto and ether group moments are opposed. For long 
ee 

_ tit should be noted that AV will always be small since the 
interactions of the carbonyl groups furnish only a small part of 
the total barrier to rotation. Large changes in 7; will therefore 
hever be expected. 


ketones u=2.75, and for ethers w=1.15, so that a 
O 
C C moment should be roughly 1.60. The 
ie. WF 
C O 
Kirkwood equation" is 


M (e—n?)(2e+n?) 
4aNute/9kT =— : (4) 





e(n?+2)? 


where the constants have their usual significance. In 
the present case it seems reasonable to assume that 
g=1—.2° as was shown to be the case for the -bro- 
mides.4 Details of the calculation of x from T 
have been given previously.* For n-dodecyl stearate 
T,.=296°K, M=428, d=0.97 and ¢,=n’°=2.30. In the 
rotationally melted phase which has virtually no rota- 
tional order, g¥1 and the calculated dielectric constant 
is 3.11. This is, slightly higher than the observed value 
of 3.02 for the rapidly frozen sample. The calculated 
value just below T; where «0.85 is 2.53 in good agree- 
ment with the observed value of 2.50. In the latter 
calculation Q, the degeneracy of the upper states, was 
assumed to be 12 as was found for other long-chain 
molecules. 


D. Longitudinal Disorder and Molecular Symmetry 


In Table I are summarized the significant structural, 
symmetry, and orientational disorder data for the esters 
under consideration. In this table, m; and m2 represent 
the chain length on either side of the polar carbony! 
group.§ m, always refers to the longer of the two. As 
can be seen, rotation does not disappear until the 
carbonyl group approaches the center of the chain. 
If my—m2=0, AV is certainly very small, while if 
m— m= 2, it may still be so small that T;,(c) is above 
the ordinary melting point for all o (Fig. 6). 

However, it may be seen from Table I that certain 
compounds for which m,—m2= 2 do show the rotational 
transition for at least some values of ¢. This may be 
because of the following circumstance. In compounds 


il J, G. Kirkwood, J. Chem. Phys. 7, 911 (1939); H. Frohlich, 


Theory of Dielectrics, Oxford University Press, London (1949), 
p. 52. 

§ The total chain length m, counting the carbonyl group, is 
mi+m2+1. 
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Fic. 6. Temperature dependence of the dielectric constant of 
n-dodecy] palmitate A and n-tetradecyl stearate O. No depend- 
ence upon rate of freezing. 


of type A, e.g., n-octadecyl stearate, the chain oxygen 
atom of the upper chain lies between the two carbony] 
dipoles and should show a small dipole repulsion effect 
between it and the lower carbonyl (Fig. 7a). This 
would serve to lower Vo, and therefore 7; in compounds 
of type A. No such repulsion occurs in type B where 
the chain oxygens do not intervene. 


E. An Alternative Model of Longitudinal Disorder 


In the foregoing discussion it has been assumed 
that the dipoles in the longitudinally disordered phase 
in esters are staggered while the end groups remain in 
a plane (Fig. 1). A closely related but different picture 
of longitudinal disorder may be obtained by allowing 
the dipoles to remain in a plane while the end groups 
are staggered (not shown). In this new scheme the 
shift of T; with o could be ascribed to the difference in 
end-group forces instead of differences in polar forces. 
It is not obvious that the end-group forces will be very 
different when the end groups are staggered, but it is 
clear that dipole-dipole forces will diminish as ~p?/ 
(m,—mz)* for the model where longitudinal disorder is 
as shown on Fig. 1. If the dipoles were always in the 
same plane, it would be more difficult to explain the 
variation of the dielectric constant with cooling rate. 
Neither of the above arguments permits rejection of the 
alternative model of longitudinal disorder, however. A 
somewhat better indication that the model of the dis- 
ordered state shown in Fig. 1 is the better one may be 
had by consideration of the esters where mj—m2=2. 
If the alternative model of reversal of chains were em- 
ployed, it would be found that both the dipolar and 
end-group forces were very nearly identical for all 
four cases, so that the observed differences in dielectric 
behavior could not be explained.{ There is no reason 
to believe that the alternative arrangement may not 
appear in other compounds, however. 


q A. Bondi and L. B. Scott [Nature 167, 486 (1951) ] have found 
that certain pairs of long-chain esters form a continuous series of 
solid solutions, and interpret this to mean the dipoles do not form a 
single sheet. This is in accord with the picture of disorder presented 
in this paper. 


A direct determination of the structure of the dis 
ordered phases in long-chain compounds by x-ray 
methods aimed at differentiating the two models of the 
disordered state would probably be difficult unless 
longitudinal disorder could be found in a system where 
the polar group had a high atomic weight. 


APPENDIX I 


Calculation of the Average Value of V) as a Function 
of the Order Parameter o 


or 


pletely surrounded by chains longitudinally oriented 
in the same direction, viz., 

a@« 6¢ 6 
aK p 6 
rounded by chains longitudinally oriented in the oppo- 

site direction, viz., 

or 
The average value of Vo experienced by an a-type 
molecule in the disordered lattice is 

and for a B-type molecule, 
Vos= (ngVi/N)+(naV2/N). (2) 
~ ASSES AZ So Sete 
DAA 


Let Vi;=the value of Vo for a chain which is com- 
K x 
Let V2=the value of Vo for a chain completely sur- 
FP “ « 
ee B a (BY a 
P 6 x o 
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Fic. 7. (a) The two types of longitudinal disorder in estes 
where m,—m2=2. (b) Assumed potential energy function for 
rotation about ¢ axis. 
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DIELECTRIC PROPERTIES OF LONG ESTERS 


If Vo is then averaged over the entire lattice, it is found 
that 
Vo= Vi- [2nang/N?\(Vi- V2). (3) 


The order parameter is defined as 
o=(na—ng)/N, (4) 
which, when substituted in Eq. (3), gives 
Vo(o) = Vi-— (1—0?) (V1/2—V 2/2). (5) 


555 


Although V;, is the energy difference of a molecule 
in the ordered state, Vo(1), it must be remarked that 
complete disorder results in a molecule having on the 
average three a and three 6 nearest neighbors. For this 
disordered state, then, Vo(0)=3(Vi+V2). Defining 
AV as Vo(1)—V(0), Eq. (5) becomes 


Vo(o)=Vo(1)—(1—o”) AV, (6) 


which is the required form. 
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Under the assumption of V(¢)=Vol1—cos(y— go) ]/2 for the potential hindering internal rotation, 
visual interpretation of the electron-diffraction pattern leads to the results (best values and estimated limits 
of error): C—Cl, 1.79+0.035A; C---Cl, 2.715+0.025A; C—C, 1.56A (range: 1.49-1.60A); ZC—C—Cl, 
108+4°; | go| < 30° (i.e., essentially trans in the chlorine atoms), with a small positive value of go (increasing 
CH;---Clprimary) most likely; Vo2 4 kcal/mole. The best value for Vo ranges from 10 kcal/mole for gy=0° 
to 30-40 kcal/mole for go=25°. The diffraction pattern is almost indifferently compatible with fractions 
ranging up to 50 percent of a skew-isomer with go~120° and a sufficiently low value of Vo, but consideration 
of dipole moment data provides some further evidence on its structure while showing the fraction present to 
be about 20 percent with an upper limit of about 30 percent. 


HE present investigation of propylene chloride 
was undertaken primarily to obtain structural 
information needed for an application! of Kirkwood’s 
theory of optical activity,’ which in this case predicts a 
strong dependence of the optical activity upon internal 
rotation quite different from that of the conspicuous 
aspects of the diffraction pattern. Our electron-diffrac- 
tion data alone were accordingly inadequate, but dipole 
moment data were fortunately made available which 
made possible a fairly complete structure determination. 
In an x-ray diffraction study of the gas Berger found 
satisfactory agreement’ on the assumption of reasonable 
values for-the bond distances, tetrahedral bond angles, 
and the potential function V(¢g) = Vo(1—cosg)/2, with 
Vj=0.88 kcal/mole, for the dihedral angle of displace- 
ment y of the Cl—C,— Cz and C;— C2—C planes from 
the trans-orientation. The structure of the related 
molecule, 1,2-dibromopropane, has been investigated by 
electron diffraction by Schomaker and Stevenson,‘ who 
reported normal values for the bond distances and bond 
angles and a root-mean-square torsional vibration of 
+20° around the trans-position, again with no indica- 
*Present address: Los Alamos Scientific Laboratories, Los 
Alamos, New Mexico. 
t Contribution No. 1595. 
Wood, Fickett, and Kirkwood, J. Chem. Phys. 20, 561 (1951). 
*J. G. Kirkwood, J. Chem. Phys. 5, 479 (1937). 
*H. Berger, Physik. Z. 38, 370 (1937). Berger’s data extended to 
only g=(40/) sind/2=22, however. 


(1940) Schomaker and D. P. Stevenson, J. Am. Chem. Soc. 62, 2423 


tion of the possible occurrence of other internal-rotation 
isomers. 


THE ELECTRON DIFFRACTION INVESTIGATION 
Experimental 


Two sets of photographs were prepared, the first at 
the 11-cm camera distance from some of the commercial 
Paragon product that had been distilled through a 40-cm 
column packed with glass helices (np” 1.4367, b.p. on 
redistillation through a similar 60-cm column 95.6- 
96.4°) and the second, partly at 11 cm and partly at 20 
cm, from an independent sample prepared from propy- 
lene glycol by Dr. H. K. Garner (b.p. 96.2-96.5°, 
np” 1.4368; see lit.5: b.p. 96.2°, mp 1.43638), in the 
apparatus described by Brockway.® For the photo- 
graphs actually used the sample temperature was about 
fl 


The Photographs 


Curve V; was drawn from the appearance and 
measurements of the photographs of the first set, the 
shape and height of the central maximum being guessed 
from past experience, while V2, which was drawn after 


( 5 5 R. Dreisbach and R. A. Martin, Ind. Eng. Chem. 41, 2875 
1949). 

6L. O. Brockway, Revs. Modern Phys. 8, 231 (1936). The 
wavelength, about 0.06A, was determined from ZnO photographs 
(C. S. Lu and E. W. Malmberg, Rev. Sci. Instr. 14, 271 (1943): 
a=3.2492A, c=5.20353A). Corrections were made for film 
expansion. 
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Fic. 1. Radial distribution and visual curves. Intensity curves for 
models defined in Table I and the text. 


comparisons with a number of theoretical curves had 
shown persistent discrepancies suggestive of errors in Vi, 
incorporates changes based upon the second set of 
photographs and observations by Dr. Kenneth Hedberg, 
who had no knowledge of the nature of the discrep- 
ancies. (See Fig. 1 and Table I.) (The second set shows 
no significant differences from the first but is much 
more distinct, especially at the triplet 11-12-13.) We 
have used both curves, emphasizing V2, however, where 
the differences between them’ are significant. 

7In V2 the depth of min 2 2s min 3, the height of max 2 vs max 3, 
the position of shelf 4 on max 3, and the position of shelf 9 on 


max 10 reflect reinterpretations in agreement with Dr. Hedberg. 
The depth of min 6 vs min 8 is difficult to determine and represents 
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Radial Distribution Curves 


Curves RDI, and RDI, were calculated* respectively 
from V; and V2 according to the equation 


rD(r) = > V(q) exp(—ag’) sinwgr/10, (1) 


q=1,2, ++ 


with g=10s/r=(40/A) sind/2, & the scattering angle, 
and a chosen to make the convergence factor exp(—a¢) 
equal to 0.10 at g=100. The interpretation of the main 
peaks is clear in terms of a molecule approximately trans 
with respect to the chlorine atoms: 4.32A in RDJ, and 
4.30A in RDI», Cl---Cl (somewhat broad); 2.73 and 
2.72, C---Cl (width indicates temperature factor with 
dci..c1=10-* or a symmetrical splitting of the three 
nonequivalent C---Cl distances, with separations of 
about 0.05); 1.82 and 1.81, C—Cl; and 1.56 and 1.53, 
C—C (poorly resolved). The more important remaining 
terms, some probably negligible and all weak, are the 
following: 2.16 and 2.45, C---H and Cl---H pairs 
having a common ligand (moderately heavy a); 2.52, 
C---C; 2.8-3.5 (if |¢|<30°), rotation .dependent 
C---Cl (large a); and 1.09, C—H. Agreement for these 
is fair, at least with RDJ>, but there are evidently errors, 
especially at low r and extending into the C—H peak.” 









TABLE I. Models of propylene chloride represented in Fig. 1. 













Vo, 
Model® C—Cl,A C---Cl, A> kcal/mole go,deg agy...c> 

















































— ae |) | hC = 


K 4 OD — Aas 


Di 1.79 2.70 30 10 0.00010 0.00010 

D2 1.79 2.70 30 20 0.00010 0.00010 ( 
D3 1.79 2.70 30 30 =0.00010 0.00010 ( 
D6 1.79 2.70 10 0 0.00010 0.00010 : 
C83 1.80 2.73 + 0 0.00010 0 ui 
Dit 1.82 2.74 60 25 0.00010 0 0 
D15 1.76 2.64 60 20 0.00010 0 is 
C57 1.79 2.72 30 20 0.00010 0.00010 T 
Di4 1.76 2.68 60 15 0.00010 0 d: 
D7 1.76 2.66 30 20 0.00010 0.00010 it 
C65 1.73 2.60 30 15 0.00010 0.00010 co 
C8i* 1.80 2.73 10 0 0.00010 0.00010 (J 
9° 1.79 2.70 30 20 0 0 pe 
H10°_~—s 1.79 2.70 30 20 0 0 sir 
Hite = 1.79 2.70 30 20 0 0 mn 
C66° 1.79 2.70 tee vee 0 0 ce 
C67¢ 1.79 2.70 0 0 we 
C68° 1.79 2.70 0 0 res 
i 

® C—C, 1.54A and C—H, 1.09A, except that C81 has C—C, 1.57A and & tio 
C—H, 1.06A. + 
b The three rotation-independent terms. an 
¢ Mixtures of skew and trans: see text. - tio. 
an average of the observers’ differing opinions. The relative heights Cor 
of maxima 11, 12, and 13, and the shape and positions of maxima J “id 
17 and 18-19 and minima 18, 20, and 21 show changes from Vi  °a 
based on the second set of pictures. (Beyond g~90 both sets are & of 
unclear and the film edge is close enough to be bothersome.) per 
8R. Spurr and V. Schomaker, J. Am. Chem. Soc. 64, 2693 b. 
(1942). n 
® Shaffer, Schomaker, and Pauling, J. Chem. Phys. 14, 648, 69 & . 
(1946). . 
10 Not unusual for complicated molecules and ordinarily corte Net 
sponding to inconsequential low frequency errors in the vis Cury 
curve. It here became necessary, however, to attempt direct = 
comparisons of the intensities of rather widely separated featurts — tern 
of the pattern and in the comparisons to allow for these errors a 
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STRUCTURE OF 







Altogether, the indication was that except for these 
errors the diffraction pattern could be accounted for 
with a model having conventional distances and angles 
with the possible exception of C—Cl, which might be 
0.04A longer than usual, and only a small amplitude of 
libration about the trans-orientation g=0." 
































Theoretical Intensity Curves 





As the appropriate simplified intensity function we 
have taken 


Ig)={Xii (Z—f) 737 La’ Z@-A)(Z-A) ri 
Xexp(—aisq") sinzr;;q/10 (2) 


with a;;=43(m/10)*(6r;;7)", omitting the form factors f;,, 
however (trial calculations showed them to be unim- 
portant in this case), and, whenever necessary for the 
internal-rotation dependent terms, replacing the factors 
rj) exp(—ai;q*) sinrijq/10 by adequate explicit ap- 
proximations to the integrals? /rD,;'(r) sinrrg/10dr 
over the distribution functions r*D,;'(r) as defined by the 
assumed potential function and classical statistics. The 
eflective value of Zq was taken as 1.25. Except where 
otherwise stated the following special assumptions were 
made: all bonded C—C, bonded C—Cl, and next-to- 
bonded C- - -Cl distances respectively equal; ZC—C—C 
and all bond angles involving hydrogen atoms tetra- 
hedral; d@c_p=0.00016; dc...q=4c¢1...4=0.00030; and 
all hydrogen terms except C—H and next-to-bonded 
X—H negligible, as was verified by test calculations. 
The remaining shape parameters were taken (holding 
C—C constant), as (1) C—H, (2) C—Cl, (3) C---Cl, 
(4) the positions of the minima of the potential hindering 
internal rotation around the C;— (Cz bond, (5) the shape 
of the potential barrier in the neighborhood of the 













































The expected C—H peak was joined onto RDI, as shown by the 
dashed line. The difference between RDI so modified and RDI, 
itself was then Fourier-inverted, adjusted to allow for the use of a 
convergence factor in the inversion, and taken as a correction 
(V:') to be added to V2: the —_ at g~18 points to an unim- 
portant mistake but the wave with node at g~835 is interesting, 
since the correction serves to raise max 17 above the line of 
max 14-15 and max 18-19, as is required by all otherwise ac- 
| ceptable theoretical intensity curves. Even though all observers 
were here in agreement, therefore, V2 must be in error in this 
respect. 

"For asymmetric components of the distribution func- 
tion the relation -rD(r) « f° r’'D'(r’) {exp[—(r—r’)?/40] 
texp[ —(r+r’)?/4a]} dr’ (with rD(r) « fo*™== I(s)exp(—as*)sinrsds 
and rD’(r) « fo I(s) sinrsds) between the true distribution func- 
tion r2D’(r) and the one, r?D(r), corresponding to Eq. (1) is rather 
complex. In particular, the positions of the maxima do not coin- 
cide: for the trans Cl---Cl distance in propylene chloride, for 
example, reasonable amplitudes of libration could cause differences 
of 0.05A or more. This circumstance, the uncertainty in the 
pertinent C—C distance, and the fact that the maximum of the 
angular distribution does not necessarily occur at the angle 
corresponding to the maximum of the distance distribution prevent 
_ 1 immediate reliable determination of ¢. 

In the earlier study of propylene bromide (see reference 4) 
neither these circumstances nor, in the calculation of theoretical 
curves, even the variation of Br---Br with the amplitude of ¢, at 
%=0, were considered. Since the C—Br, C---Br, and Br---Br 
terms predominate in this molecule, the situation may be in- 
terpreted merely as indicating somewhat different values of C—C 
| and ~C—C—Br than were reported. 
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minima," and (6) the skeletal vibrational temperature 
factors. The number of these parameters and the 
complex nature of the ones most important for us pro- 
longed and complicated the work, while making im- 
practicable systematic investigation; we can only sum- 
marize, showing a few of the theoretical curves. 





Assumption of a Single Potential Minimum 


At first the potential V(¢)=Vol1—cos(g— gp) ]/2 
was assumed. (We quote Vo in kcal/mole through- 
oul. A positive displacement of y, at g=0, increases 
CH;: afin CAoctnery-) 


It was not found possible to get general agreement including 
maxima 11-12-13 and 18-19 without widening the C---Cl dis- 
tribution about as indicated by the RDIJ’s. For most of the later 
curves, therefore, a temperature factor with ao...c:x=10~ was 
used, there being no apparent reason for the three nonequivalent 
distances to be significantly different, whereas considerations of 
the probable amplitudes of vibration seemed to justify an even 
greater a value.'** The same considerations seemed to require a 
vibrational a of about 10~ for Cl---Cl also. For the long C---Cl 
term, finally, a considerably more severe factor would be reason- 
able but none was used, since its effect would be small compared to 
the librational attenuation. : 

A best value of gp is easily chosen if the other parameters, in- 
cluding Vo, are arbitrarily fixed. This is illustrated by Curves D1, 
D2, and D3; D1 and D3 we regard as unacceptable, in relative 
amplitude of maxima 6 and 7 particularly, whereas D2 is quite 
good. There is, however, already a strong interaction of the 
parameters Vo and go. This arises (1) from the increase of 
|drci...c1/d¢g| with | g|, so that even at constant V» the attenua- 
tion of the Cl---Cl term increases with | go| in the way shown by 
the series Di—D2—D3, and (2) directly from the variation of 


2 The temperature of the vapor was assumed to be 300°K but 
~ not actually known and may possibly have been significantly 

ower. 

13 Extension of the normal coordinate analysis of ethylene 
chloride (S. Mizushima and Y. Morino, Sci. Papers I. P. C. R. 
(Tokyo) 26, 1 (1934); Bull. Chem. Soc. Japan 13, 189 (1938); we 
used the same force constants and frequencies, and neglected the 
motions of the hydrogen atoms as in the first paper) leads to the 
following mean-square displacements: C—Cl, 0.0030A?; C—C, 
0.0026A?; C---Cl, 0.0063A?; Cl---Cl, 0.0070A2. Referred to 
ac_c=0, the resulting a’s are: for C—Cl, ~0; C---Cl, 0.00018; 
Cl--+Cl, 0.00020. Also, the frequencies and diagrams of the 
normal modes given by P. C. Cross and J. H. Van Vleck (J. Chem. 
Phys. 1, 350 (1933)) for the skeletal motions of ethyl chloride lead 
to the values, roughly estimated, ac_ci~0 and 4ac...¢1~0.00027, 
again referred to ac_c=0. These estimates are uncertain in that 
the valence-force potential functions assumed are not necessarily 
correct, but they at least suggest the assumption of considerable 
vibrational amplitudes for C---Cl and Cl---Cl in propylene 
chloride. 

4 Tt has been usual to assume a rigid heavy-atom skeleton (ex- 
cepting internal rotations) unless large amplitudes of vibration 
were obviously to be expected or unless it was found impossible or 
seemed unreasonable (as for C- - -Cl here) to obtain a fit otherwise. 
But the possibility of getting agreement with a rigid skeleton does 
not guarantee the results so obtained—compare the possible 
conclusion for propylene chloride that the three C- - -Cl distances 
were significantly split. Moreover, the simultaneous contributions 
of vibrations and libration can become important in the same 
sense, particularly at ¢rans, where the resulting attenuations may 
well be comparable. To be sure, the finer effects do differ, notably 
the variation with g of the effective value of r in the case of 
libration. 

The value 0.004 reported for apr...nr (s scale) in reference 4 
corresponds to a torsional amplitude greater than the reported 
+20°, unless allowance, not mentioned in the article, is made for a 
vibrational contribution. 
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TABLE II. Comparison of observed and calculated g values 
Model C81. 








qe/qo 


0.994 
0.995 
0.988 
0.998 
1.003 
0.992 
0.993 
0.994 
1.000 
0.993 
0.983 
0.980 
1.008 
(1.003) 
(0.990) 
(0.978) 


0.995 
0.008 
0.993 


Min qo* 


54.8 
57.5 
59.4 
60.6 
63.6 
67.3 
68.8 
70.2 
73.0 
76.0 
78.3 
81.8 
85.6 
89.6 
92.4 
95.2 


Qe/Qo Max 


1 . (0.913) 12 
‘ (0.935) 12 
2 (1.000) 13 
(1.063) 13 
3 (1.033) 14 
0.987 14 
4 (1.058) 15 
; (1.042) 15 
5 : 1.005 16 
6 
7 
8 
9 





J 


1.004 16 
1.004 17 
0.970 17 
1.013 18 
1.012 18 
0.992 19 
0.971 19 
1.005 
. 0.986 
10 , 0.989 
4 0.998 
11 : 1.000 
11 53.0 0.992 


en? i ee, ee — eo ee 


Average, 28 terms> 
Average deviation 
Scale factor® 


— 
o 








® Weighted averages from both sets of photographs. 

b Excluding unreliable values in parentheses. 

¢ Corrected for change in \ from tentative value 0.0608A used for go to 
calibration value 0.0606sA. 


rc1...c1 With g and the consequent dependence of the effective 
value of rci...ci on both go and Vo (as well as g"*), so that, for 
example, the combination Vo=30, go= 10° (D1) is unsatisfactory 
in a way that could be corrected by making | go| greater, whereas 
Vo=10, go=0° (D6) is acceptable. Curve C83, with Vo=4 and 
¢go= 0°, is again unacceptable, but here other parameter variations 
are also involved. 

Further investigation indicated more generally that for 
| go| >30° no satisfactory curves exist, that for | go] ~20°, Vo=30 
is satisfactory, and that for the trans-position go=0, Vo~10 is 
required.!® Curves D11---D65 illustrate several combinations of 
C—Cl and C---Cl, each for its best go and a roughly corre- 
sponding Vp. If, as in C65, C—Cl is 1.73A and C---Cl is selected 
for shape of max 18-19, there is no go which makes satisfactory the 
inner features, particularly maxima 6 and 7, whereas with a longer 
C---Cl distance the situation is reversed: there seems to be no 
satisfactory choice with C—Cl this small. For C—Cl2 1.82A, on 
the other hand, the height of max 18-19 decreases while further 
deviations occur, notably degeneration of the triplet into an 
excessively strong!* doublet and a weak, too well separated, inside 
member (see D11) and, for C—Cl=1.85A, excessive growth of 
max 13 vs max 12. Our use of max 18-19 is illustrated by D2, D11, 
and D15 (not symmetrically doubled: component 19 too weak), 
C57 (too weak, but shape acceptable), and D14 (both shape and 
height somewhat improved). 

All curves so far called acceptable have certain deficiencies 
associated with the height of max 10 vs maxima 8 and 11-12-13, 
the depth of min 9 vs minima 8 and 11, and the depth of min 11 vs 


46 The question of an upper limit of Vo was not investigated, be- 
cause the optical activity does not depend critically on it. Dis- 
crepancies do appear for very large Vo, due to the too-long per- 
sistence of the libration-dependent terms; but this indication is 
unreliable, since more severe vibrational a’s than were used would 
not be unreasonable. For the larger values of Vo (and | go|) the 
factor for Cl---Cl (with a=0.00010) tends to eliminate an other- 
wise bad hump on the outside of max 17, while causing a not 
unsatisfactory coalescence of maxima 18 and 19 into a single broad 
feature, but for low values of Vo its inclusion has little effect on the 
curves or the optimum for the other parameters. For many of the 
curves it was omitted. 

16 The following doublet (14-15) appears much the stronger, but 
— be only a visual consequence of the greater width of the 
triplet. 
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minima 9 and 14. Dr. Hedberg agreed that the pictures seem to 
require max 10 to be higher, min 9 deeper, and min 11 shallower 
than the respective lines joining the mentioned adjacent features, 
but tangency of line and feature was finally deemed acceptable for 
each."7 We find C44, D6, D11, and D15 barely acceptable at 
max 10 and D2, D11, and C57 unacceptable; D2, D7, D11, C44, 
C57, D14, and C65 barely acceptable or acceptable at minima 9 
and 11; and D15 unacceptable at min 11 and doubtful at min 9, 
None is everywhere satisfactory; Dii, for example, fails at 
max 18-19, while similar models having longer C---Cl (2.76A, 
say), although even better as regards max 10 and the shape of 
max 18-19, make the latter feature rather too weak (even on 
allowing the correction V2’) while showing the deterioration of the 
triplet. Shortening C—H to about 1.04A ameliorates the relations 
at max 10 but not at minima 9 and 11. 


Altogether, model C81 has about the optimum shape. 
The scale determination for it (Table II) together with 
the range of qualitative acceptability of the intensity 
curves and the estimated scale uncertainty (both direct 
and as consequence of the uncertainty in shape) leads to 
the following parameter values and approximate limits 
of error for the single-minimum model: C—H, (1.05A);# 
C—C, 1.56A (1.49—1.60A); C—Cl, 1.790.035; 
C---Cl, 2.715+0.025A; ZC—C—Cl, 108+4°; and 
Vo>4 (upper limit not determined)" and | go| < 30°, 
with best values not separately determined but only 
related as indicated by the pairs go=0°, Vo=10 and 
go= 25°, Vo=30—40. The sign of gp remains somewhat 
uncertain: librational attenuation renders the odd 
C---Cl, the only pertinent term, unimportant despite 
its having half the weight of Cl---Cl. For the larger 
values of | go|, however, Vo has to be so large as to 
diminish this attenuation considerably (for Vo=30 and 
¢go=0°, as would correspond roughly to the best models 
with go=+20°, the term retains a quarter of its initial 
amplitude at g=35), and positive go gives the better 
agreement. This is satisfactory, since the approximate 
equality of van der Waal’s radii for methyl and chlorine 
suggests that the value 10° reported’ for 1,1,2-trichloro- 
ethane might hold approximately here also. 


Consideration of Other Conformations 


The steric similarity of chloro and methyl groups and 
the analogy to trichloroethane,’® as well as the existence 
of internal-rotation isomers even in ethylene chloride,” 
suggest that for propylene chloride there may be 3 
significant population of skew-molecules with go~ 120°, 
ie., with —CH; rather than —Cl trans to the primary 


17 Curves V; and V2 would imply more stringent requirements 0 
the relative amplitudes of pairs of adjacent features in this series: 
e.g., max 10 higher than max 8. We have been forced to discount 
these judgments, as is reasonable in view of the difficulty of 
estimating and allowing for the slope of the apparent background, 
and have emphasized the presumably more reliable comparison 
of triples of adjacent features. 

18 The small weight, severe temperature factor, and evidently 
large corresponding error in the radial distributions justify 
garding C—H as assumed (relative to C—C), even though it wa 
chosen in the effort to improve max 10. Use of the more likely value 
1.09A leaves the other shape parameters and the scale determina 
tion essentially unchanged. : 
a9 > Turkevitch and J. Y. Beach, J. Am. Chem. Soc. 61, 312 

1939). 
20 W. D. Gwinn and K. S. Pitzer, J. Chem. Phys. 16, 303 (1948): 





Viti 
Si 
1S0r 


ires seem to 
11 shallower 
ont features, 
ceptable for 
ceptable at 
/, Di1, C44, 
it minima 9 
ul at min 9, 
le, fails at 
-Cl (2.76A, 
he shape of 
uk (even on 
ration of the 
the relations 


ium shape. 
ether with 
2 intensity 
0th direct 
ve) leads to 
nate limits 
, (1.054); 
+0.035A; 
+4°; and 
| ¢o| € 30°, 
1 but only 
= 10 and 
; somewhat 
; the odd 
ant despite 
the larger 
large as to 
V o= 30 and 
yest models 
of its initial 
the better 
pproximate 
nd chlorine 
2-trichloro- 


ions 
groups and 
1e existence 
e chloride,” 
may be 4 
h go 120°, 
the primary 
quirements 0 
in this series: 
ed to discount 
» difficulty o 


t background, 
e comparisons 


and evidently 
ms justify 1 
though it was 
re likely value 
ale determina 


16, 303 (1948): 


STRUCTURE OF 


chlorine atom.” Since the calculated optical activity! 
depends critically on internal rotation, being of com- 
parable magnitude but different sign for the érans- 
and skew-isomers, a limiting estimate of the fraction of 
skew is essential, even though the photographs give no 
clear indication that any is present. For reasonable 
hindering potentials, we find that 25 percent of skew is 
equally acceptable with pure frans while 50 percent or 
more is unacceptable; the diffraction data do not afford 
a much lower limit. On the other hand, a fraction some- 
where between the half-fractions 75 and 4 for ethylene 
chloride”® and trichloroethane”! would correspond to the 
plausible sequence of steric effectiveness -H<—CHs; 
<-Cl. 


Sums of skew- and frams-curves in various proportions were 
examined, taking D2 without the C---Cl and Cl---Cl tempera- 
ture factors for trans,” and the same basic model for skew, with 
various values Vo, and gos for the constants of the assumed onefold 
cosinusoidal potential. For Curves H9, H10, and 11 the further 
assumption was made that Vo, is sufficiently low to wash out 
completely the contribution of the rotation-dependent skew-terms, 
as is reasonable for Cl- - -Cl, which now varies rapidly with ¢g, and 
not too unsatisfactory for C---Cl, which, although at about its 
maximum distance in any skew-model, has low weight. Curve H9 
(75 percent skew) is out of the question, 110 (50 percent skew) is 
doubtful, and H11 (25 percent skew) is as good as D2, i.e., as 100 
percent trans. The results obtained on including specific skew- 
terms are illustrated by the last three curves. Curve 66 (25 percent 
skew, Vos=30, gos=120°) is similar to H11 (justifying the pre- 
ceding special assumption) and acceptable, C67 (50 percent skew, 
Vos=30, gos= 120°) is at least as poor as H10, and C68 (25 percent 
skew, Vos=80, gos=120°) is satisfactory for moderate g” except 
possibly in showing max 7 higher than max 6 (see V2), a difficulty 
improvable either by slightly increasing go, or (as would be struc- 
turally reasonable) decreasing gos. Other variations of the skew- 
structure were tried, also after the ¢rans-parameters had been 
frozen, but none were successful. More nearly quantitative in- 
tensity data than can be got by the visual method would no doubt 
bettér define the diffuse Cl---Cl term and abundance of the skew- 
isomer as well as the diffuse C---Cl term of the érans. 


THE DIPOLE MOMENT BEHAVIOR 


For the interpretation of the moment values 
(Table III), from the work of Oriani and Smyth,” 
we have used the expression p(¢)=2y, sing/2 
=2u9 sinZC—C—Cl sing/2, assuming the molecular 
dipole moment p(¢v) to be the sum of —CH-Cl and 
-CH(CH;)Cl group moments of equal magnitude po 
which lie along the respective C—Cl lines at equal 
angles to the connecting C—C bond, all independent of 
the angle of internal rotation v.24 Two sets of calcula- 


* Only the “staggered” conformations are at all likely, and of 
these the third, with go~—120° (tertiary —H ¢rans to primary 
-Cl), is probably about as unstable, relatively, as in 1,1,2- 
trichloroethane (AE>2.5: J. R. Thomas and W. D. Gwinn, J. Am. 
Chem. Soc. 71, 2785 (1949)) and therefore negligible for ordinary 
temperatures. 

* Not the best ¢rans-model, but good enough except at large q 
(see reference 14). Omission of the Cl---Cl temperature factor 
partly compensates for the inclusion of skew and so tends to keep 
Conservative our estimate of the upper limit of skew. 

*R. A. Oriani and C. P. Smyth, J. Chem. Phys. 17, 1174 (1949). 
.* We are confident the inaccuracies of these assumptions will not 
Vitiate the essential conclusions to be drawn. 

_Since most of the average dipole moment is due to the skew- 
'somer, the value of yu will refer essentially to it. 
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tions were made, the first on the further assumption that 
effectively there is simply an equilibrium between /rans- 
and skew-species, each with temperature-independent 
characteristics, and the second with the explicit use of 
various possible forms of the hindering potential. 

In the first case the equation 


(u?(T)) w= {ue+ 2a exp(—AE/RT)}/ 
{i+aexp(—AE/RT)} (3) 


is an appropriate approximation, uw; and yp, being the 
moments of trans and skew, a the ratio of partition 
functions referred to the separate origins KE, and E; (or, 
roughly, the ratio of torsional vibration periods), and 
AE the difference H,—EH, in average energy.” Least- 
squares fits to this equation in the logarithmic form 
(Mizushima and Morino)"® 


In{u.2—u2(T)} —In{u2(T)— 2} =—Ina+AE/RT (4) 


with plausible assumed values of g:, ys, and pw, are all 
good, and about equally good, as perhaps can be seen 
from the small, relatively nearly constant standard 
errors (estimated from the residuals) of the derived 
values of a and AE (Table IV).”® Nevertheless, the 
insensitivity of AZ and the rapid variation of @ with py, 
and ¢,, i.e., with the moment of the skew-molecule, 
taken together with inferences from related molecules, 
do limit ¢g, and the fraction of skew at room temperature 
fairly well: u, will surely be close to the 1.59D found 
by Gwinn and Pitzer for ethylene chloride”® or some- 


TABLE III. Dipole moment of propylene chloride according to two 
treatments of the atom polarization. 








ee 4 


344.7 
381.7 
393.8 
432.2 
465.6 
505.7 


uw X10!8, e.s.u. 


1.46% 
1.50 
1.53 
1.59 
1.63 
1.68 











® On the assumption P4+Pg=Mp. (See reference 23.) 

b Recalculated on the assumption P4 =Pz/10, with Pg set equal to the 
mole refraction as extrapolated from MR to infinite wavelength by analogy 
to the known behavior for ethylene chloride. The second set of moment 
values is used here, the nearly constant differences between the two sets 
corresponding essentially to a negligible difference in the value of the group 
moment. 


*% K.S. Pitzer (J. Chem. Phys. 14, 239 (1946)) has shown that in 
the classical partition function the effects of the dependence on ¢ 
of the vibrational frequencies and of the external moments of 
inertia cancel, if the potential energy is free of cross terms between 
g and the vibrational coordinates, so that the simple factor 
a exp(—AE/RT) may be used to weight classical averages over ¢. 
For ethylene chloride, furthermore, Gwinn and Pitzer (see refer- 
ence 20) were able to show in detail that the same is true of the 
quantum-mechanical averages. 

It may be seen that wu: and yu, can really be constant only if the 
minima of V(g) are very narrow; and a, only if the minima are 
fairly wide and suitably similar in shape, or so narrow as to make 
a=1, with only one torsional energy level occupied for each 
isomer. Rough estimates make it clear, however, that both condi- 
tions are probably satisfied. 

26In both treatments the lowest-temperature point deviates 
badly, as if the observed moment were too high, and has been 
ignored in the calculations. It probably is in error. 
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TABLE IV. Equation (4) fitted to the dipole behavior. 











Assumed Calculated 

BL, ty Ga, AE Fraction 

D des deg a kcal mole! skew, 300°K 
1.59 0 120 1.34+0.05 0.96+-0.03 0.21 
1.59 0 90 3.54+0.19 1.23+0.04 0.31 
1.80 0 120 0.86+0.03 0.87+0.03 0.17 
1.80 0 90 1.85+0.08 1.03+-0.04 0.25 
2.00 0 120 0.62+-0.02 0.84+-0.03 0.14 
2.00 0 90 1.21+0.05 0.94+-0.03 0.20 
1.59 25 120 1.29+0.06 1.12+0.04 0.16 
1.59 25 90 3.43+0.20 1.40+-0.05 0.25 








what larger due to induction in the methyl group but, 
due to mutual induction of the two C—Cl dipoles, not so 
large as for ethyl chloride; @ must be about unity, the 
corresponding ratio being about one for ethylene 
chloride and necessarily one for 1,1,2-trichloroethane ; 
and ¢, is probably forced toward trans away from the 
ideal 120°, perhaps by less than the 10° reported for 
trichloroethane!® or the somewhat smaller amount indi- 
cated by Gwinn and Pitzer’s potential function for 
ethylene chloride. Increasing ¢g; to about the upper limit 
permitted by the diffraction pattern, it will be noted, 
increases AE substantially and correspondingly de- 
creases the fraction of skew. 

The explicit potentials listed in Table V also afford 
satisfactory fits, the parameters AE and yp, having been 
adjusted to fit the 432°K point exactly and the others, 
excepting the lowest temperature point,” as well as 
possible. In agreement with our first treatment, AE is 
about 1.0, at least for barriers of reasonable shape, with 
any implausibly high ratio of widths of the two minima 
(numbers 6, 7, and perhaps 2) again resulting in a 
too low value of u,). Potential 5 and the onefold barrier 
V(¢)=Vo(1—cosg)/2 with Vo=2.5 originally fitted” to 
the moment values are both incompatible with our 
diffraction data, the /rans-minimum of 5 being some- 
what too narrow and that of the onefold barrier much 
too wide. This contradiction with the onefold barrier 
constitutes rather direct evidence favoring the existence 
of auxiliary potential minima. 

Similar conclusions from the dipole data have been 
reached by Morino, Miyagawa, and Haga. 

In summary, we believe that the above results should 
lead to fairly reliable estimates of averages over ¢, with 


t Morino, Miyagawa, and Haga, J. Chem. Phys. 19, 791 (1951). 
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TABLE V. Various internal-rotation potentials and uz values 
adjusted to the dipole behavior. 











V(¢), kcal mole! y, deg AE wu, D 
1. 2.5[1—cosy] -40O— 40 11 1.76 
pa | 40— 70 
AE+2.5[1—cos(g—120°) ] 70—160 
00 160—320 
2. 15[1—cos(y~—20°) ] —40— 50 1.3 1.52 
2.09 50— 80 
AE+2.5[1—cos(g— 120°) ] 80—160 
2 160—320 
3. 15[1—cos(y~—20°) ] —40— 50 1.3 1.74 
1.64 50— 60 
AE+2.5[1—cos(y—90°) ] 60—140 
00 160—320 
4. 0.75[1—cosg]+0.22[1—cos3¢] —30—150 (0.96) 1.83 
20 150—330 ] 
—60—180 (0.85) 1.62 su 


5. 1.0[1—cosg]+1.1[1—cos3¢] 
00 180—300 st 


6. 0 100—30 13 12 §™ 
2.1 30— 80 
AE 80—160 
om 160—370 

7.0 O—40 11 14 
2.1 40— 80 
AE 80—160 w 
0 160—360 pl 








the skew-conformation perhaps conservatively over- | f, 
weighted in view of our concern with the optical ac- | 4, 
tivity. Knowledge of the Raman and infrared spectra [ \, 
of the vapor, and particularly their temperature depend- f {. 




















ence, would be very helpful, however.”” re 
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for ethylene chloride (see Mizushima, Morino, Watanabe, Ee 
Simanouti, and Yamaguchi, J. Chem. Phys. 17, 591 (1949)). dis 








Ba Values 
AE u1,D 
1 1.76 
3 Le 
3 1.74 
).96) 1.83 
).85) 1.62 
1.3 1.29 
1.1 1.42 
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The Absolute Configuration of Optically Active Molecules 
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The problem of the absolute configuration of optically active molecules is investigated with the aid of the 
Kirkwood theory of optical rotatory power. Absolute configurations are assigned to the enantiomorphs of 
2,3-epoxybutane and 1,2-dichloropropane. The assignments are consistent with the established experimental 
configurational relationships between these compounds. The Fischer convention is confirmed as a structurally 
correct representation of absolute configuration. The magnitudes of the calculated rotations of the compounds 
are in reasonably good agreement with experiment. The theory accounts satisfactorily for the effect of 
temperature and solvent on the optical rotation of 1,2-dichloropropane. 





INTRODUCTION 


CCORDING to the theory of Born and Rosenfeld,! 

the optical rotatory power of an optically active 

substance in a gas or liquid phase is related to molecular 

structure through a rotatory parameter g, which for a 
molecule in its ground spectroscopic state is given by! 


I ( on’ M, ) 
sinha ata, (1) 


You’ — y? 


where J(won*Myo) is the imaginary part of the scalar 
product of the matrix elements of the electric moment u 
and magnetic moment m of a molecule between the 
ground state 0 and excited state 7, vo, the spectroscopic 
frequency associated with the transition in question, v 
the frequency of the incident plane polarized light, ¢ the 
velocity of light, and # Planck’s constant. The sum ex- 
tends over all excited states of the molecule. The theo- 
retical determination of the absolute configuration of 
optically active molecules depends upon the determina- 
tion of the sign of the parameter g. Since a direct 
evaluation of the right side of Eq. (1) requires the wave 
functions of all quantum states, a more detailed 
knowledge of molecular structure than we have at our 
command at present, attempts have been made to 
simplify Eq. (1) in such a manner as to allow the estima- 
tion of the rotatory power from available structural in- 
formation. The polarizability theory of Kirkwood? and 
the one-electron theory of Condon, Altar, and Eyring? 
both provide simplified methods for estimating the 
totatory parameter from limited structural information. 

The theory of Kirkwood begins with the division of a 
disymmetric molecule into a convenient, but arbitrarily 
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selected set of N structurally symmetric groups of 
atoms, such as an asymmetric carbon atom and the four 
substituent groups. The matrix elements myo and uno of 
the magnetic and electric moments of the molecule may 
then be expressed in the following manner: 


@e WN N 
m,0=>—— yO R.X Pro” + > mo, 
2mc k=1 k=1 


(2) 


N 
vno= : no, 
k=1 


where mo" and uno are the matrix elements of the 
magnetic and electric moments of group & referred to the 
center of mass of that group, pno‘” is the matrix element 
of the total electronic momentum of the group, and R, 
is the position of the center of mass of group relative 
to the center of mass of the molecule as a whole. With 
the partition of the electric and magnetic moments into 
those of the set of V groups, expressed in Eq. (2), the 
rotatory parameter g of Eq. (1) assumes the form 


me 
g=24+ D gir, 
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1 WNW 
g=— Ye’ —LRar: (von Xyno™) J, (3) 
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where g;,, is the rotatory parameter of group &, referred 
to its own center of mass. In the polarizability theory of 
Kirkwood the rotatory parameter is approximated by 
g®, which may be calculated with the use of perturba- 
tion theory in the form presented in Eq. (4) of the next 
section. In the one-electron theory of Condon, Altar, and 
Eyring the rotatory parameter is approximated by one 
of the group rotatory parameters giz, which is judged 
from empirical information on rotatory dispersion to 
contain the chromophoric electron responsible for the 
major contribution to the rotatory power. The matrix 
elements of the electric and magnetic moments of the 
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chromophoric electron under the dissymmetric pertur- 
bation arising from the other groups of the molecule are 
then explicitly calculated with the use of approximate 
wave functions. In neither theory has attention been 
given to the cross terms giz of Eq. (3). The relative im- 
portance of the several terms g, and the giz, which of 
course depends on the manner of subdivision of the 
molecule into groups, is difficult to determine. However, 
explicit calculations have led to values of the Kirkwood 
term g and of the Eyring term g,, of similar magnitude 
and to rotatory powers of optically active substances in 
approximate agreement with experiment. 

In the present article we shall report a study of the 
problem of absolute configuration under the hypothesis 
that the signs of the optical rotations of the molecules 
under investigation are determined by the Kirkwood 
term g, when the calculation is based upon a struc- 
turally acceptable division of each molecule into groups. 
On this hypothesis absolute configurations have been 
assigned to the enantiomorphs of 2,3-epoxybutane and 
1,2-dichloropropane. The assignments are consistent 
with each other and both confirm the Fischer convention 
as a structurally correct representation of absolute 
configuration.t The magnitudes of the calculated rota- 
tions are also in reasonably good agreement with ex- 
periment. Moreover, the theory is consistent with 
observations on the effect of temperature and solvent on 
the rotation of 1,2-dichloropropane, which arise from 
changes in the relative populations of the trans- and 
skew-forms of the molecule. 

While a complete theoretical solution of the problem 
of absolute configuration cannot be claimed in the 
absence of reliable estimates of the neglected terms gx 
of Eq. (3), the successful description of all observations 
relating to the rotatory power of the two substances 
investigated by the approximate theory makes it highly 
probable that the solution presented here is the correct 
one. It is also encouraging, though perhaps fortuitous, 
that our confirmation of the Fischer convention is in 
agreement with the conclusion reached by Eyring and 
his co-workers from calculations based upon the one- 
electron theory. 


I. 


The specific rotation of plane polarized light of wave- 
length \ by an optically active substance is related to 
the molecular rotatory parameter g by? 


rN n?+2 


M>? 








[a]= 2.880 104 g, (4) 


x 


where NV is Avogadro’s number, M is the molecular 
weight of the compound, and 1 is the refractive index of 
the solution or of the pure compound if we are referring 


4 This result is consistent with that obtained recently by x-ray 
diffraction utilizing the phase shift near an absorption edge: 
Peerdeman, Van Bommel, and Bijvoet, Proc. Koninkl. Nederland. 
Akad. Wetenschap. 54B, 16 (1951). 
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to the specific rotation of a pure liquid. Inserting 
numerical values we find for the sodium D line 


[o]n=4.930X 10°[ (n?-+2)/3M Je. (5) 


If all the substituent groups of the molecule have 
optical axes of cylindrical symmetry, then g is given by 
the theory of Kirkwood as? 
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The sum extends over a set of intrinsically inactive 
groups into which the molecule is divided on the basis of 
structural considerations for the purpose of calculation. 
The indices 7 and & refer to these groups, the require- 
ment i> indicating that to any pair of such groups 
there corresponds one and only one term in the sum. 
Here R is the vector distance from the center of mass of 
the molecule to the center of mass of the group, b is the 
unit vector along the optical symmetry axis of the 
group, a is the mean polarizability of the group, and 6 
is the anisotropy of the polarizability of the group. The 
quantities a’ and £ are defined more precisely below. 

It can be seen that T,;, is the electrical dipole-dipole 
interaction tensor of groups 7 and k. Thus each term in 
the sum is connected with an electrical interaction of 
this type between one pair of groups. It should also be 
noted that if the polarizability of any group is isotropic 
then all terms containing quantities related to that 
group vanish since the value of 8, the anisotropy of the 
polarizability, will then be zero. There is another way 
in which a term can vanish, viz., the vectors composing 
the triple product R;(b;xb,) can all lie in the same 
plane. This will be the case if both groups have thei 
optical axes of symmetry along the bond to the central 
group. Such would be the case, for example, for two 
halogens bonded to an asymmetric carbon atom. 

In calculation of g for any given molecule it # 
necessary first of all to decide on an appropriate sub- 
division of the molecule into groups. The general cot- 
siderations which guide us here are concerned with the 
approximations involved in the theory and the necessity 
of evaluating properly the values of the polarizability 
anisotropy 6 for the different groups so chosen. Tht 
approximate representation of the group interactions # 
dipole-dipole becomes more valid as the distance be 
tween the groups is increased. On the other hand, th 
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values of B can be obtained from the available exper’ 
mental data. After the division into groups has bet! 
carried out the individual terms in the sum must b 
evaluated. Inspection of the expression for g reveal 
that there are four types of quantities required for each 
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ABSOLUTE MOLECULE CONFIGURATION 


group: its mean polarizability a,; its anisotropy ratio 
8;; the direction of its optical symmetry axis b;; and its 
spatial position R,. 

The quantities a and £ are precisely defined in terms 
of the polarizability tensor of the group. If b; is the unit 
vector in the direction of the optical axis of symmetry of 
the group, then the polarizability tensor may be ex- 
pressed in the following form: 


«=a, (1—8;/3)1+8.b,b,], 
s1'9 — cans” 


mee: ae. 


Qi 


(7) 


where 


a= 3 (a1 +2a20), 


ay'” and a2“ being the components of «® parallel and 
perpendicular to b;. 

The calculation of the mean polarizabilities of the 
groups from available experimental data presents little 
difficulty. They are given in terms of the ordinary atomic 
refractions A, by 


3 . 
qe > A 8° 
4rN * 


(9) 


The determination of the anisotropies of the polariza- 
bilities is somewhat more involved and has received 
considerable discussion in Kirkwood’s original paper,? 
where values of a and 6 for many of the common groups 
of interest are given. It is sufficient to state here that 
these values are obtained from measurements of the 
degree of depolarization of scattered light or of the Kerr 
eflect for appropriate compounds containing the group 
in question. The values of @ and 8 to be used in the 
calculations described below are given in Table I. 

The geometry of the molecule (excluding the im- 
portant question of changes in internal conformation 
due to freedom of rotation about one or more bonds) is 
in many cases known from electron diffraction data. 
From the known form and symmetry of the groups it is 
possible to determine b;, and Rj; is readily evaluated 
(the question of internal conformation will be discussed 
later) from bond angles and bond distances obtained 
from electron diffraction or spectroscopic data. 


TaBLE I. Values of the mean polarizabilities a and of the 
anisotropy ratios f. 








a +1024 (c.c.)4 B 


2.25 0.35» 
0.31¢° 
0.3554 
0.34>¢ 
0.33%° 





2.35 
4.17 








Fis Landolt-Bérnstein, Physikalische-Chemische Tabellen, Hw. Il, 985; 
isenlohr, Z. Physik. Chem. 75, 585 (1910); 79, 129 (1912). 

C Values obtained by Cabannes; see Landolt-Bérnstein, Physikalische 
hemische Tabellan, 5th Ed., Eg. II, p. 88; Eg. III, p. 1204. 

Ph Average of two values: H. A. Stuart, Hand-und-Jahrbuch der Chemischen 

628 (19see zis 1939), 10 III, p. 27, and W. M. Breazeale, Phys. Rev. 49, 
{See reference c, H. A. Stuart. 

bong sumed to have an approximate axis of symmetry along the C —Cl 


{a}, /=13° 
|ta},]=59° CH | ol 3 


Fic. 1. Enantiomorph of 2,3-epoxybutane to which the calcula- 
tions apply, the configurationally related 1,2-epoxypropane, and 
the corresponding Fischer projection formula. 


We now apply Eqs. (5) and (6) to the calculation of 
the optical rotatory power of 2,3-epoxybutane. The 
spatial model to which the calculations apply, the 
configurationally related 1,2-epoxypropane, and the 
corresponding Fischer projection formulas are shown in 
Fig. 1. We first divide the molecule into groups. We 
consider it to be composed of three groups: the three- 
membered ring with its attached hydrogens, and the 
two methyl groups.® Three pairs can be chosen from 
these groups and therefore three terms contribute to the 
rotatory power: two representing the methyl-ring 
interactions, identical in both magnitude and sign; and 
one representing the methyl-methy] interaction. 

Having defined the number and type of terms in the 
sum by our division of the molecule into groups, we 
proceed to the actual calculation. Since the molecule is a 
rigid one, no questions of internal conformation arise, 
and the known bond angles and distances® suffice for the 
determination of b;, b,, and R,, in each term. The 
values of a are obtained from Table I. Values of 8 for the 
methyl groups are also given in Table I, but no such 
value is available for the three-membered ring or its 
component atoms as the necessary experimental data 
are lacking. Thus we can calculate directly the term 
representing the methyl-methy]l interaction, but not 
those representing the methyl-ring interactions. 

5 We do not intend to imply by our terminology that the methyl- 
ring interaction must contribute only a single term to g. It is 
more correct and in keeping with the intent of the theory to con- 
sider it as being itself the sum of three terms describing the 
interactions of the methyl group with the two carbons and oxygen 
of the ring, plus terms describing the interactions of the ring atoms 
with each other. (The sum of these latter terms describing inter- 
actions within the ring is probably small since the ring has a plane 
of symmetry in the absence of perturbing influences.) Thus the 
“methyl-ring interaction term” actually comprises a sum of terms 
and the terminology is adopted for the sake of convenience; the 
optical properties of carbon and oxygen in such an environment 
are not sufficiently well known to allow separate calculation of 
these terms. 


6 L. O. Brockway and P. C. Cross, J. Am. Chem. Soc. 58, 2407 
(1936) ; 59, 1147 (1937). 
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Fic. 2. Enantiomorph 
of 1,2-dichloropropane 
to which the calculations 
apply, and the corre- 
sponding Fischer projec- 
tion formula. 


We are thus forced to resort to a quasi-empirical 
evaluation of these terms. To this end we consider the 
configurationally related 1,2-epoxypropane molecule, 
shown in Fig. 1. If we make an analogous division into 
groups, we arrive at the following result: the methyl 
group, the three-membered ring together with the two 
hydrogens chosen so as to correspond to the same group 
in epoxybutane, and the third hydrogen. Thus we have 
the following terms to consider: one representing a 
methyl-ring interaction of the same sign and approxi- 
mately the same magnitude as in the epoxybutane 
isomer shown, one representing a hydrogen-methyl 
interaction, and one representing a hydrogen-ring inter- 
action. Because of the small polarizability of hydrogen 
the terms containing it are neglected. (Even if the 
polarizability of hydrogen were large, the hydrogen- 
methy] interaction would still be zero since the optical 
symmetry axes and the vector connecting them would 
lie in the same plane and the triple vector product would 
vanish. The methyl group is considered free to rotate 
about the C—C bond, and hence has an optical sym- 
metry axis along this bond.) Thus there remains only 
one term to account for the entire rotatory power of the 
molecule; this term involves the methyl-ring interaction. 
Moreover, because of the way in which the groups have 
been chosen, this interaction should be approximately 
the same as the corresponding methyl-ring interaction in 
2,3-epoxybutane. The methyl-ring contribution to the 
rotatory power of 2,3-epoxybutane is thus equal to the 
observed specific rotation of the configurationally re- 
lated 2,3-epoxypropane. Without making an a priori 
assumption concerning absolute configuration we obtain 
from the observed specific rotation of 2,3-epoxypropane 
only the magnitude, and not the sign, of this contri- 
bution. 

Calculation of the methyl-methyl interaction in the 
enantiomorph of 2,3-epoxybutane shown in Fig. 1 gives 
+17° for this contribution to the rotatory power in a 
medium of refractive index 1.37, corresponding to the 
pure liquid. The observed rotation of 2,3-epoxypropane 
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gives a magnitude of 13 as the quasi-experimental value 
for the methyl-ring interaction. Remembering that in 
2,3-epoxybutane there are two such interactions we ob- 
tain +17+2X(+13)=+43° as the predicted specific 
rotation if we take the positive sign for the methyl-ring 
interaction, and +17+2X (—13)=—9° if we choose the 
negative sign. The fact that the enantiomorphs of 
2,3-epoxybutane and 1,2-epoxypropane having the same 
sign of rotation are configurationally related’ allows us 
to reject the latter value, for since the observed rotation 
of the 2,3-epoxybutane is greater than can be accounted 
for by the two methyl-ring interactions, the methyl- 
methyl interaction and methyl-ring interactions must 
have the same sign. We therefore assign the spatial 
configuration of Fig. 1 to the dextrorotatory isomer. 
Since the dextrorotatory isomers have been assigned the 
D configuration, the Fischer convention regarding abso- 
lute configuration is in agreement with this result. The 
predicted rotation of 43° is in fair agreement with the 
observed value of 59°.” 

The theory would be expected to apply most accu- 
rately to vapors or dilute solutions in nonpolar solvents. 
Since the experimental results quoted above were those 
of the pure liquid, a possible solvent effect was investi- 
gated for 2,3-epoxybutane. No significant change in 
[a ]p?°"*(3/n?+2) was observed for this compound on 
passing from the pure liquid to a dilute solution in 
heptane. Similar information for 2,3-epoxypropane is 
not available, but structural considerations suggest that 
its behavior would not differ from that of 2,3-epoxy- 
butane. A related rigid compound, 2,3-iminobutane, has 
been found to undergo only a slight change in rotation 


TABLE II. The rotatory power of 1,2-dichloropropane as a function 
of internal conformation. 








[a] p300°K (3/2 +-2) 
IIb 


t) 

degrees Is IIIe 
0 +39.9 
20 +29.5 
40 +16.5 
60 +1.8 
80 — 12.8 
100 — 26.7 
120 — 38.5 
140 —43.9 
160 —40.1 
180 — 26.7 
200 —12.2 
220 —4.1 
240 —1.7 
260 +0.9 
280 +9.6 
300 + 24.9 
320 +39.0 
340 +44.1 


+40.7 
+32.2 
+148 

—0.7 
— 16.2 
— 30.7 
—40.7 
—45.4 
—41.5 
— 28.5 
— 13.8 

—4.6 

—0.0 

+49 
+147 
+29.2 
+42.1 
+463 





+47.3 
+35.6 
+20.1 

+3.2 
— 13.9 
— 30.0 
—41.7 
—47.9 
— 45.4 
—33.1 
— 19.0 
— 10.3 

—5.6 

+0.1 
+12.1 
+29.8 
+46.1 
+52.6 








*I. Data of Cabannes: BcH3=0.35, BcoH201=0.35; optical center of 
CH:Cl group at center of mass. 

b II. Data of Cabannes; optical center of CHeCl group at Cl. ; 

¢ III. Data of Stuart (and Breazeale): 8cH3 =0.31, BcH2c1 =0.33; optical 
center of CH2Cl group at center of mass. (For references see Table I.) 


7H. J. Lucas and H. K. Garner, J. Am. Chem. Soc. 70, 990 
(1948) ; P. A. Levene and A. Walti, J. Biol. Chem. 68, 415 (1926). 
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on passing from the pure liquid to a dilute solution in 
heptane.® 

In calculating the optical rotatory power of 1,2- 
dichloropropane (Fig. 2) we proceed in the same way, 
dividing the molecule into groups as follows: H, CHs, 
Cl, and CH2Cl bonded to the asymmetric carbon atom 
as the central group. If the optical axis of the CH2Cl 
group is taken to lie along the C—Cl bond, the two 
contributing terms correspond to the interaction of CH; 
and of Cl with CHCl. Terms involving hydrogen are 
neglected because of its small polarizability, and that 
representing the interaction of CH; with Cl is zero be- 
cause the optical axes of both groups lie along their 
bonds to the central group. In contrast to the case of 
1,3-epoxybutane, the experimental data are sufficiently 
complete that values of 8 may be found for all of the 
groups involved. These are given in Table I. Thus, given 
the geometry of the molecule, the optical rotatory power 
can be calculated directly from Eqs. (5) and (6). 

The possibility of internal rotation about the 1,2- 
carbon-carbon bond must be considered, however, and 
this additional degree of freedom complicates the de- 
termination of the molecular geometry. We define an 
angle @ specifying the internal conformation such that ¢ 
is zero when the chlorine ‘atoms are frans to each other 
with the positive direction of rotation from zero that 
which increases the methyl-chlorine distance. Only two 
potential minima are considered to have sufficiently low 
energies to make appreciable contributions: that at 
¢=0° (trans), and that at ¢=+120° (skew). To obtain 
a result corresponding to the observed value we first 
calculate the optical rotation as a function of ¢, and 
then take a suitably weighted average over all values of 
9. The results of the first calculation in Table II, from 
Eqs. (5) and (6) with C—C 1.54A, C—Cl 1.76A and 
tetrahedral angles, indicate the necessity of taking into 
account the internal rotation. The calculated optical 
rotations of the skew- and trans-forms have nearly the 
same magnitude but opposite signs; if the two were 
nearly equally populated we would be unable to make 
an unambiguous prediction of the sign of the optical 
rotation and hence of the absolute configuration. 

Using electron diffraction® and dipole moment data!® 
Wood and Schomaker® estimated the energy difference 






































TaBLE III.* Specific rotations of 1,2-dichloropropane calculated 
from Eq. (10) 



























¢ e AE 
degrees adie Ste/ft kcal/mole ery [a] p300 °K3 /n?+-2) 
0 +120° 1.36 0.96 0.21 +29° 
0 +120° 086 0.87 0.17 +33° 
0 +90° 1.26 1.03 0.25 +30° 
0 +120° 064 0.82 0.14 +35° 
0 +90° 1.18 0.94 0.20 +33° 
+25 +4120° = 1.41 1.12 0.16 +19° 




















* Using column II of Table II for as and az. 


» Dickey, Fickett, and Lucas, J. Am. Chem. Soc. (to be published). 
ished) W. Wood and V. Schomaker, J. Chem. Phys. tt to be pub- 
ed 
R. A. Oriani and C. P. Smyth, J. Chem. Phys. 17, 1174 (1949). 
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TABLE IV.* Specific rotations of 1,2-dichloropropane calculated 
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from Eq. (11) with explicit potential functions. 











V(¢) Rangeof¢ AE " 
kcal/mole degrees kcal/mole [a]p 300 K(3/n2 +2) 
1. 2. s(t —cos(¢)) —40- 40 1.1 +26° 
40- 70 
ak +2.5(1 —cos(¢@ —120)) 70-160 
160-320 
2. 15(1 —cos(¢ —20)) —40-— 50 1.3 +20° 
hi 50- 60 
AE +2.5(1 —cos(¢ —90)) 60-140 
oo 140-320 
3. 0.75(1 —cos(¢)) 
+0.22(1 —cos(3¢)) —30-150 (0.96) +22° 
cd 150-330 








® Using column II of Table II for a(¢). 


between the skew- and trans-forms. Some of their results 
are given in Tables III and IV. The values in Table III 
were obtained by considering the problem as an equi- 
librium between the skew- and trans-isomers, so that the 
rotation is given approximately by 


= (ay ta,eSF/RT)/(1-e-AF/RT) 
AF=AE—RT In({,/f1), 


(10) 


where a is the observed rotation at absolute temperature 
T; a; is the optical rotation of the trans-form; and a,, 
that of the skew-form. The difference between the free 
energy of the two forms in the vapor is denoted by AF 
and the corresponding difference in internal energy by 
AE, while f, and f; are the partition functions for the 
skew- and trans-forms each referred to its own ground 
state as the zero of energy. The values in Table IV were 
obtained with the use of the explicit’ potential functions 
shown, the averaging being carried out by numerical 
evaluation of the integral expression, 


2r 


J a(p)e-V HRT dg 
0 


Sas ’ 


f 
0 


e-V@/RTdg 
where V(¢) is the potential of internal conformation and 
a(@) represents the function tabulated in Table II. 

In order to ensure as far as possible that the prediction 
of absolute configuration on the basis of these results 
will be unambiguous, the assumed values of the parame- 
ters in Table III and the potential barriers in Table IV 
were chosen so as to afford a conservative estimate of 
the upper limit of the contribution of the skew-form. It 
is seen that the values obtained for the specific rotation 
are nevertheless unequivocal with regard to sign. 

We therefore conclude that the enantiomorph shown 
in Fig. 2 is dextrorotatory and that its specific rotation 
in the vapor state is probably between +20° and + 30°. 
The vapor value of the rotation was not measured, but 
reasonable agreement with this range of values was 
obtained on the basis of the observed rotations in 





(11) 
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TABLE V. Optical rotation of L(—)1,2-dichloropropane in 
n-heptane at different temperatures. 








ap?e 
obs. 


— 1.113 
— 1.094 
— 1.075 
— 1.051 
— 1.020 
— 1.007 
— 0.986 
— 0.964 
— 0.923 
— 0.869 
— 0.838 


[a] p? mp™> [a] p™ (3/n? +2) 


—20.70 0.7652 —15.84 
—20.42 0.7659 —15.64 
—19.91 0.7667 — 15.21 
—19.79 0.7678 —15.19 
—19.29 0.7686 —14.83 
—19.16 0.7698 — 14.75 
—18.85 0.7708 — 14.53 
—18.55 0.7720 —14.32 
—17.91 0.7736 —13.86 
—17.02 0.7754 —13.20 
—16.60 0.7776 —12.91 


Concentration*® 


0.02688 
0.02679 
0.02669 
0.02655 
0.02644 
0.02628 
0.02615 
0.02598 
0.02577 
0.02553 
0.02524 


T°K 


298.0 
300.7 
303.8 
307.9 
311.1 
315.7 
319.7 
324.6 
330.7 
337.5 
345.7 











® From coefficients of expansion of n-heptane, I. C. T. 3, 29. 

bFrom dn/dT for n-octane, G. Egloff, editor, Physical Constants of 
Hydrocarbons (V. I. Reinhold Corporation, New York, 1939), p. 49. 

© Readings were taken with an ordinary polarimeter to two decimal 
places. Each value in the table represents an average of at least ten such 
readings; the last figure was retained in the averaging, although the degree 
of accuracy is probably not so great as implied by its presence. The probable 
errors of most of the sets of observations were about 0.007. 


solvents of different dipole moment, discussed in detail 
in the following section. The Fischer convention assigns 
the spatial model of Fig. 2 the D configuration ; experi- 
mentally, the D configuration is assigned to the 
dextrorotatory isomer." The Fischer convention is thus 
again found to be correct, in agreement with the result 
obtained from 2,3-epoxybutane. 


Il. 


While the above calculation leads approximately to a 
predicted value for the vapor rotation of 1,2-dichloro- 
propane, the values actually observed were for the 
compound in the pure liquid state and in solutions of the 
compound in organic solvents. Since there is a difference 
in energy between the two forms the rotation may be 
expected to exhibit a temperature dependence.” Ex- 
perimentally, this was found to be the case. In order to 
make a more direct comparison between theory and 
experiment a quantitative investigation of these effects 
was carried out. From the experimental data concerning 
the temperature dependence it was possible to calculate 
approximately the free energy difference between the 
two forms in solution in n-heptane, and also the separate 
rotatory powers of the frans- and skew-forms of the 
molecule; these latter could then be compared directly 
with the theoretical values. 

The variation of the rotatory power of 1,2-dichloro- 
propane in m-heptane with temperature is shown in 
Table V." In order to obtain the values for the separate 


1 Fickett, Garner, and Lucas, J. Am. Chem. Soc. 73, 5063 (1951). 

”% The effects of temperature and solvent on optical rotation 
have been considered previously; C. O. Beckman and K. Cohen, 
J. Chem. Phys. 4, 784 (1936); Kauzmann, Walter, and Eyring, 
Chem. Revs. 26, 373 (1940); H. J. Bernstein and E. E. Pedersen, 
J. Chem. Phys. 17, 885 (1949). 

13 The rotations in Table V and VI are for approximately 2-5 
percent solutions. Measurements at lower concentrations showed 
that the rotation was nearly independent of concentration in all of 
the solvents used. The values in Tables V and IV may therefore 
be taken as those at infinite dilution. 
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optical rotatory powers of the skew- and trans-forms we 
again assume that the two minima are very narrow so 
that the problem may be treated as one involving an 
equilibrium between two isomers. The optical rotation 
of the equilibrium mixture is then given by Eq. (10), 
where AF now refers to the difference in free energy of 
the two forms under the conditions of observation, viz., 
in the solvent n-heptane; the previous description of AF 
in terms of f,/f; is of course no longer valid. Equation 
(10) can be written in the form: 


1 
a= (ar— ay) (——.) +a. 
{4 ¢-AF/RT 


The value of AF, treated as a constant, is determined 
from the requirement that the plot of a against 
1/(1+¢-44/®7) be linear, and the values of a; and a, 
can be found in terms of the slope and intercept of the 
line so obtained. This procedure makes evident the 
relative insensitivity to variations in AF; a series of 
approximate calculations indicated that the width of the 
range of permissible values was about the same as that 
resulting from the analysis of the vapor dipole moment 
data :!° several hundred cal/mole. A value lying near the 
middle of the range was chosen, AF = 760 cal/mole. The 
values of a; and a, depend somewhat on the value of 
AF;; once it is fixed they can be determined within two 
or three degrees. The values found for a; and a, were 
+36° and —56°, respectively. These are to be compared 
with the theoretical values of a; and a, from Table II 
(with ¢=0° and ¢=+120°), +40° and —39°, re- 
spectively (to two significant figures). 

The observed rotations of the 1,2-dichloropropane in 
different solvents are shown in Table VI. In order to 
take into account the effect of the solvent we calculate 
the lowering of the free energy difference through sol- 
vent polarization. Since the érans-form has essentially 
zero dipole moment we assume that the electrostatic 
effects of the solvent on its free energy are small. 
Assuming that nonelectrostatic effects are the same for 
both isomers we may express the free energy difference 
in solution, with neglect of the difference between their 
partial molal volumes, as 


AF = AE—(Ny?/r*)(D—1)/(2D+1), 


(12) 


(13) 


where AE is the difference in internal energy between 
the two forms in the vapor (AZ and AF for the vapor are 
equal under the assumption of equal partition functions 
for the two forms). The second term represents the 
lowering of the free energy of the skew-form due 
to solvent polarization according to the theory of 
Kirkwood." Here » and r represent the dipole moment 
and approximate radius of the skew-form, D is the 
dielectric constant of the solvent, and NV is Avogadro’s 
number. Since the rotations of the trans- and skew-forms 


14 J. G. Kirkwood, J. Chem. Phys. 2, 351 (1934). 
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are about equal in magnitude but opposite in sign, the 
effect of the solvent should be to decrease the observed 
rotation by increasing the relative population of the 
skew-form through a decrease in its free energy. This 
effect should be larger for solvents of high dielectric 
constant. 

Solving Eqs. (12) and (13) for AF and equating the 
results we obtain 


AE (——)w »(- =RT | (“= 14 
2p+1)° ” =)" . =) 4) 


Here D represents the dielectric constant of the solvent; 
wis the dipole moment of the skew-form and has been 
obtained from an analysis of the variation of the vapor 
dipole moment with temperature,’ a, and a; have 
been determined above from the temperature depend- 
ence of the rotation. The unknowns are taken to be AE 
and (1/r*). The observed rotations in two different 
solvents of known dielectric constant provide two sets 
of values for the coefficients and constant term in Eq. 
(14). The resulting pair of simultaneous linear equations 
may be solved for AE and (1/r*). Taking the rotations 
in the solvents n-heptane and methanol (Table VI) and 
the value 3.1 d.u. for u, corresponding to u,=1.8 d.u.,° 
we obtain 1050 cal/mole for AE and 4.5A for r. This 
value of AE agrees with the approximate value 1000 
cal/mole obtained from the dipole moment and electron 
diffraction data.® The value of 4.5A for r is reasonable in 
that it is about equal to the distance between a point 
midway between the centers of the C— Cl bonds and the 
outer edge of the methyl group when the molecule is in 
the skew-configuration. 

Using the value of AZ obtained in this way and the 
values of a, and a; obtained from the temperature de- 
pendence of the rotation, a quasi-experimental value for 
the vapor rotation can be calculated with the use of 
Eq. (10). The value obtained in this way for the vapor 
rotation is +23°. This is to be compared with the 
theoretical values of Table III and Table IV, obtained 
from the theoretically calculated dependence of the 
totation on the internal angle and the potential func- 
tions obtained from the dipole moment and electron 
diffraction data.? The numerical agreement is seen to be 
satisfactory. 

Another approximate check on the theory is the 
calculation of the rotation of the pure liquid 1,2- 
dichloropropane making use of its known dielectric con- 
stant and the radius of the molecule obtained above, 
together with Eqs. (10) and (13). The value thus 
calculated is +4.3°, and is to be compared with the 
experimental value of +4.6°. 

The low observed rotation in dioxane appears at first 
glance to be inconsistent with this general picture, since 
the dielectric constant of dioxane is about the same as 
that of heptane. However, the strong quadrupole 
Moment of dioxane, which could markedly affect the 






















































ABSOLUTE MOLECULE CONFIGURATION 





567 





TABLE VI. Optical rotation of L(—)1,2-dichloropropane in 
different solvents. 











Conc. ap 
Solvent g/ml observed [a] p*5 [a] p?5(3/n? +2) 
Pure liquid 1.1478 — 6.76 — 5.87 —4,33 
Heptane 0.0693 — 1.44 — 20.8 — 15.9 
Methanol 0.0618 —0.20 —3.2 —2.6 
Dioxane 0.0707 — 0.36 —4.5 —3.4 








trans-skew equilibrium of the 1,2-dichloropropane, does 
not contribute to the dielectric constant of the material. 

Comparison of the theoretical and experimental re- 
sults indicates that, in general, the numerical agreement 
is satisfactory considering the approximations involved 
throughout. Probably the most valid comparison, in the 
sense of offering the best test of the theory, is that be- 
tween the theoretical and experimental values for the 
separate optical rotatory powers of the trans- and skew- 
forms of 1,2-dichloropropane. The theoretical results for 
these two forms have roughly correct magnitudes and 
are consistent with the experimental results with regard 
to the signs of their rotations relative to each other. 

We have assigned the absolute configuration of Fig. 2 
to the dextrorotatory isomer of 1,2-dichloropropane. This 
was done without any experimental data concerning the 
optically active forms of the molecule, using only the 
calculated dependence of the rotatory power on con- 
formation (Table II) and the information about the 
potential of internal conformation obtained from the 
electron diffraction and dipole moment measurements. 

As stated above, it has been possible to obtain experi- 
mentally the configurational relationship between the 
two compounds for which calculations were made. It 
was found that the enantiomorphs of 2,3-epoxybutane 
and 1,2-dichloropropane of like sign were configuration- 
ally related. (Levorotatory 1,2-dichloropropane was 
prepared from dextrorotatory 2,3-epoxybutane by a 
series of reactions involving a single Walden inversion at 
the assymmetric center.) Since the theory assigns posi- 
tive rotations to the configurationally related isomers of 
Fig. 1 and Fig. 2, it is found to be internally consistent in 
its predictions for these two different molecules and 
confidence in it is considerably strengthened. 

It was shown above that there is semiquantitative 
agreement between the experimental and calculated 
temperature dependence of the rotation. Using only the 
direction of this effect, however, it is possible to make an 
assignment of absolute configuration which requires less 
knowledge of the potential of internal conformation 
than when the dependence of the rotation on tempera- 
ture is not known. 

From the observed temperature dependence we can 
determine the relationship between the over-all optical 
rotation on the basis of the following assumption: the 
principal effect of a change in temperature is an increase 
in the population of the skew-form at the expense of the 
trans, with the skew-form taken as having the higher free 
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energy of the two. It can then be shown that if the ob- 
served rotation increases with increasing temperature, 
the sign of the over-all rotation must be the same as that 
of the skew-form ;!5 the relationship between the signs of 


16 This can be shown by distinguishing three cases: (1) The 
isomers have optical rotations of the same sign, which is obviously 
the same as that of the over-all rotation. The magnitude of the 
over-all rotation will then either increase or decrease with in- 
creasing temperature depending on the relative magnitudes of the 
rotations of the two isomers. (2) The isomers have rotations of 
a sign, and the sign of the over-all rotation is the same as 

t of the trans-form. The over-all rotation will then decrease 
with increasing temperature. (3) The isomers have rotations of 
opposite sign, and the sign of the over-all rotation is the same as 
that of the skew-form. The over-all rotation will then increase with 
increasing temperature. If the actual effect is a decrease in the 
observed rotation with increasing temperature, this is consistent 
with (1) and (2), not with (3). Hence the signs of the over-all 
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the over-all rotation and that of the trans-form remains 
indeterminate. If, on the other hand, the observed rota- 
tion is found to decrease with increasing temperature, 
it can be shown that the signs of the over-all rotation 
and that of the ¢rans-form must be the same, and the 
relationship between the signs of the over-all rotation 
and that of the skew-form remains indeterminate. For 
1,2-dichloropropane the observed rotation was found to 
decrease with increasing temperature, so that under the 
above assumption the correct calculation of the sign of 
rotation of the ¢rans-form alone is sufficient to determine 
uniquely the sign of the over-all rotation, and hence the 
absolute configuration. 


rotation and that of the /rans-forms are the same. The argument is 
similar for the opposite temperature effect. 





THE JOURNAL OF CHEMICAL PHYSICS 


VOLUME 20, NUMBER 4 APRIL, 1952 


On the Distribution Function in Phase Space, with Application to the Stationary 
State of an Ideal Gas 


ERNEST IKENBERRY 
Alabama Polytechnic Institute, Auburn, Alabama 


(Received January 3, 1951) 


An infinite set of partial differential equations which are to be satisfied by the coefficients in a Bruns’ 
series expansion of the distribution function, as a consequence of the principle of “conservation of density-in- 
phase,” are obtained. By means of these equations there are derived meteorologically useful expressions for 


the density and temperature gradients in an ideal gas. 


THE DIFFERENTIAL EQUATIONS 


N his application of Gibbs’ principle of “conservation 
of density-in-phase” to the statistical theory of 
liquids, Jaffé' obtained several of the set of partial 
differential equations which the coefficients in a power 
series expansion of the distribution function must 
satisfy, by equating to zero coefficients of powers of the 
moments in the expansion of Df=0 where D is the 
operator presently to be defined. The corresponding 
equations which the coefficients in a Bruns’ series ex- 
pansion? (I, 2) of the distribution function satisfy are 
.much more easily obtained, however, by utilization of 
the orthogonality (I, 1) of the polynomials used in the 
expansion. 
Assuming that 


aoe 9 


we may write the operator D (I, 5) in the form 


0 w/1 a 0 
=—+)) (| —?: +R—), (2) 
Ot =1\m 09; Op: 


1G, Jaffé, Phys. Rev. 75, 184-196 (1949). The text refers to this 
paper as J, followed by the number of the equation. 

? E. Ikenberry, J. Chem. Phys. 19, 4, 467-470 (1951). The text 
refers to this paper as I, followed by the number of the equation. 
The notation used follows this paper. 


where p;=(dq;/dl) and R;= 
We then obtain 


D(fo)= f(D¢)+ o(Df) = f(D¢), 


where, for the present, we shall choose ¢= ¢(h, p)= 
Ai, Aj, A, Ay;, Hi, A, H2;, etc., in turn. The 
equation 


(dp,/dt), i= 


f D(f¢)dw= f f(D¢)dw (4) 


then represents an infinite set of partial differential 
equations which the coefficients in the Bruns’ series 
expansion of the distribution function must satisfy, asa 
consequence of Df=0. In forming these partial differ- 
ential equations, it is convenient to make use of the 
recurrence relations 


2hpH »(hp:) = (2n)*H ns(hp)+(2n+2)tH ngil(hp,) (5) 
and 


0 
Sp thes) = (2n)*hH »_-1(hp:). (6) 
The arbitrary parameter h in the Bruns’ series ex 


pansion (I, 2) of the distribution function may, i” 
general, be chosen as any real function of the 3N posi- 
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tion coordinates, and of the time. As the polynomials 
Hi, (I, 1), with the exception of Hy;=1, are functions 
of h; the coefficients, with the exception of a, are also 
functions of h; and the partial differential equations 
contain terms involving the partial derivatives of h with 
respect to the position coordinates and the time. A 
method of forming a set of differential equations in 
which these partial derivatives do not appear explicitly 
will now be developed. 

Since the distribution function is independent of any 
particular form used for its representation, we may 
write 


(df/dh)=0, (7) 


as well as corresponding equations for all physically 
defined quantities, such as the density m and the temper- 
ature J. If we now define operators (0’/dt), (0’/dq;), 


and D’ by 
0 @ dh\ a 
‘f(a 
ot at ot J dh 
0 dhy\ a 
258) 
Og: 99: 0q:/ dh 


D=D’+(Dh)a/ah, 


and 


we obtain 
D' f= Df=09, (9) 
and hence 


D' (fo) = f(D'¢)+ o(D'f) = f(D’). 


The partial differential equations may then be written 
in the form 


(10) 


(11) 


J D'(f¢)dw= f f(D'$)dw. 


Thus, there is no loss of generality in treating h as a 
constant independent of the position coordinates and of 
the time. This explains a result of calculations previ- 
ously performed by Jaffé,! who found that there was no 
loss of physical generality in assuming that his parame- 
ter, which corresponds to 2mh’, is independent of the 
position coordinates (J, following 3.21). As a further 
conclusion, we may say that / cannot be determined 
from physical considerations, but that we may arbi- 
trarily assign # any real value, such as h=1/(2mkT)}, 
(see I, preceding 5). 

Upon letting ¢=1, Hi;, Ho;, 7=1, 2, -+-3N, in turn, 
We obtain, as examples of the infinite set of partial 
differential equations to be satisfied by the coefficients 
In the Bruns’ series expansion (I, 2) of the distribution 


IN PHASE SPACE 


function, 
0’a an O’b; 
—+ (2'mh)— + —=0, 
ot i=1 09: 
0'b; 3N 0'Cij 
—+ (24mh)- +> ——-=2'haR;, 
t i=1 09; 


(12) 


0'c 


j 3N 0'di; 
+ (2*mh)— » 2 ——as 2hb;R;, 
t i=1 09; 


where ¢j;=a+2%c; and d;;=2'b;+3'd;. It is obvious 
that the substitution into (11) of any quantity ¢@ which 
is a multinomial in the momentum coordinates, with 
coefficients which may be polynomials in h, will lead to a 
partial differential equation which is a linear combina- 
tion of equations of the type illustrated by (12). 

The system illustrated by (12) corresponds closely to 
the system (J, 3.09 to 3.13) obtained by Jaffé, who 
assumed, in his method of treatment, that the distribu- 
tion function depends only on the coordinates of the 
center of mass of the system, as well as on the mo- 
mentum coordinates and the time. Upon closer compari- 
son of the two systems it is found, however, that there 
is an important difference, arising from the fact that 
Jaffé retained terms only as far as those of the third 
order in the momentum coordinates, whereas the 
present method leads to equations which are complete 
without any terms being neglected. 

Although solutions of the systems (4) or (11) may be 
found in a few cases, as, for example, for an ideal gas in a 
conservative force field, with isothermal conditions, 
there is at present no known solution which is satis- 
factory for a mechanical system consisting of a dense gas 
or a liquid. Furthermore, complete determination of the 
coefficients in the Bruns’ series expansion (I, 2) would 
require detailed information regarding the initial and 
boundary conditions, which is equivalent to complete 
knowledge of the microscopic state of the system. The 
most that can be hoped for is the determination of 
relations between statistically defined quantities which 
describe the macroscopic state of the system. The 
author has obtained an infinite set of integro-partial 
differential equations satisfied by these quantities, and 
has obtained an approximate solution® of the first four 
of these equations, leading to expressions for the 
coefficients of heat conductivity and viscosity (I, 7 and 
8). The method of obtaining expressions for the density 
and temperature gradients in an ideal gas in a gravita- 
tional field will be given here, inasmuch as it is believed 
that the method is of value, although the results of the 
final equations, (24) and (25), are well known. It may be 
noted that, in the case of stationary, isothermal condi- 


8 E. Ikenberry, “The conservation of systems in phase space as 
applied to the liquid state,’”’ doctoral dissertation, Louisiana State 
niversity (1950). 
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tions, Gibbs’ canonical distribution function,‘ 


fo= (2umkT)-™"!2-exp(— 5 p2/2mkT), (13) 
1 


is the appropriate solution of the system (12). 


STATIONARY STATE OF AN IDEAL GAS 


If, in the equation of transport, (I, 6), we consider the 
stationary case with gradients only in the direction 
corresponding to g:, we obtain 


(a'/aa) { f fprddadg=m f f s(D'e)dedQ. (14 


In order to obtain an expression for the density gradient, 
it would be desirable to let ~:¢=1 in (14), since 
S S fdwdQi=Nn/N (I, 3 and 4). However, the right- 
hand side of (14) becomes undefined when ¢= 1/1. To 
avoid this, we choose for ¢ a polynomial in #; such that 
pid differs from unity by a term in H2,,1, where r is any 
arbitrarily large integer. Setting 


d= 25h asHos-1,1, 


e=1 


we find, by means of the recurrence relation (5), that 
pid= 14+ (2r)*a,Ho,,1 if ag=(—2)*T(s)/{T(2s)}*. Fur- 
thermore, 


r—1 
D'¢=—mg(d¢b/0p1) = —2h?mg > (2s+1)4ae41H 2,1, 
s=0 
where Dp,=—™meg is the gravitational force acting on 
the representative particle. Substituting into (14), we 
obtain 


(0'n/0q1) = — 2h?nm?g(1—y+K,) 


— (2r)2-"a,(0’/dq1)(my2r), (15) 
where 


ny,= (2"2N/N) f f fH.rdwdQ:, (16) 


y= 2-472 and 
r—1 
K,= z 2-8(2s+1)4ae417 20. (17) 


s=2 
/ 


Assuming that h. has been chosen such that 2-'r!a,7o, 
approaches zero as r approaches infinity,f then (15) 


4J. Willard Gibbs, Collected Works (Longmans, Green and 
Company, New York, 1931), Vol. II, Pt. 1, pp. 32-45. 

{For the canonical distribution function (13), 2-’ria-ye, 
= —(1—2/*mkT" and the condition is that O0<mkTh? <1. 


shows that K, approaches a limit K as r approaches 
infinity, and since the density m is independent of h and 
of r, we obtain 


(dn/0q1) = (0’n/0q1) = —2h?nm?g(1—y+K). (18) 


In order to obtain an expression for the temperature 
gradient, we note that the components $11, S22, and S;, 
of the strain tensor, where S;;=(N/mN)S S fp 2dwdQ,, 
are equal in the case of isotropic conditions. For condi- 
tions not too far from isotropism we may approximate 
nkT by Si, since 3nkT=S1+S22+S33, and obtain 


nkTS = n(1+7)/(2h?m). (19) 

Letting ¢= 1, D’'¢=— mg, in (14), we obtain 
(0/0q1)(nkT) = —mgn. (20) 
Upon eliminating from (18), (19), and (20), we obtain 


2 
(07 /dq1)= 2i'n¢T| K— (—~) | (21) 
I+¥ 


The difference between expressions (18) and (21) for the 
density and temperature gradients and the expressions 
obtained by Jaffé (J, 3.18 and 3.19), may be shown to 
arise from terms of higher than the third order in the 
moments in the power series expansion of the distribv- 


tion function. 
On oT 
re (r") nit), a 
a1 oq, 


If we let 
and eliminate the density and temperature gradients by 
means of (18) and (21), we obtain 


(D*—1)(1+7)(1—y+ K)=D*. (23) 


Then, upon using this and (19) to eliminate y and K 
from (18) and (21), we obtain 


(dn/0q1) = (nmgD*)/{kT(1— D*)} (24) 


(8T/ Aq.) = — (mg)/{k(1—D*)}. (25) 


It is to be noted that these expressions are independent 
of the parameter / used in the Bruns’ series expansion of 
the distribution function. In the cases of isothermal, 
isochoric, and adiabatic temperature distributions, the 
dimensionless parameter D* has the values ©, 0, and 
—c,/R, respectively, and (24) and (25) reduce to er 
pressions frequently used in meteorology. 
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The Viscosity of Concentrated Suspensions and Solutions* 


H. C. BRINKMAN 
Bosscha Physics Laboratory, University of Indonesia, Bandung, Indonesia 


(Received December 3, 1951) 


An expression for the viscosity of solutions and suspensions of finite concentration is derived by considering 
the effect of the addition of one solute-molecule to an existing solution, which is considered as a continuous 


medium. 





N recent years much attention has been given to 

the viscosity of concentrated solutions and sus- 
pensions. Guth and Simha' have derived the quadratic 
term in the concentration-dependence of the viscosity 
of suspensions of spherical particles by considering 
the hydronamic interaction of two spheres as derived by 
yon Smoluchowski.? Their derivation, which leads to 
very involved calculations, seems to contain a numerical 
error, aS was kindly pointed out to me by Dr. Simha. 

Riseman and Ullman* have derived formulas for the 
quadratic term in the concentration-dependence of the 
viscosity for dumbbell, rigid rod, and flexible chain 
macromolecules. 

Burgers and, independently, Saito* have developed a 
theory for spherical solute-molecules in which a single 
solute-molecule is placed in a field of flow, obtained by 
averaging over all possible positions of a second solute- 
molecule. This averaging process, however, leads to 
diverging integrals which make the result questionable. 

In this paper we wish to point out that there is a very 
simple method of estimating the concentration-depend- 
ence of any quantity at higher concentrations if the 
result for infinite dilution is known. An analogous 
treatment was given by Onsager in his theory of the 
dielectric constant.® 

Let us consider a suspension containing n solute- 
particles in a total volume V. Its viscosity is a function 
of the concentration 2/V and will be indicated by 
n(n/V). 

Let us now consider the effect of adding one more 
solute-particle. If such a particle were added to a pure 
solvent of volume V we could immediately give an 
expression for the viscosity-increase. If the solute- 
particle has a volume 2 and a spherical shape, the 
viscosity would be multiplied by Einstein’s well-known 


factor (1+-2.509/(V-+0)). 


"Paper presented at the XIIth Congress of Pure and Applied 
Chemistry, New York, 1951. 

iE. Guth and R. Simha, Kolloid Z. 74, 266 (1936). 
‘it v. Smoluchowski, Bull. Acad. de Sci. de Cracovie No. 1A 
*J. Riseman and R. Ullman, J. Chem. Phys. 19, 578 (1951). 
, Private communication by Dr. Simha. 

L. Onsager, J. Am. Chem. Soc. 58, 1986 (1936). 





Let us now assume this factor to be approximately 
valid for the result of the addition of one solute-molecule 
to an already existing solution containing  solute- 
molecules. This means that this solution is represented 
by a pure solvent of the same viscosity. The assumption 
would be exact if the m solute particles already present 
were much smaller than the one added. In our case, 
however, the substitution of a continuum for the solu- 
tion is an approximation. In this way we obtain the 


difference-equation, 
n+1 n 5% 
Aiea) AG ira 
V+ V 2 V+ 
dn/dce,=5n/2(1—cp), 


which leads to 
where ¢, is the concentration by volume nv/V and 
therefore 








n= no/(1 —Cy)>/?, 
By expansion we find 
nep/Cw=[n]}+0.7[ 9 Pew +0.42[ 9 Peu2+ +++, 


where 7sp is the specific viscosity, [] the intrinsic 
viscosity, and c, the concentration by weight. For 
spheres ['» ]=2.579/M, where M is the mass of a sphere. 

This equation agrees quite well up to the term indi- 
cated with very careful measurements on asphalt- 
emulsions by H. Eilers.* Eilers represents his measure- 


ments by a formula 
| ; 1.25¢, 1 
oe, Ch aad Te 
‘l" 1=(@/0.78) 


This is equivalent to 
Nep/Cw= (9 J+0.76[9 Pewt+0.64[ 9 Peu?+ ---. 


The method discussed here for spherical molecules 
may of course be applied to any kind of molecules. 


*H. Eilers, Kolloid Z. 97, 313 (1941). 
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Note on Configuration Probabilities 


A. J. F. SIEGERT 
Physics Department, Northwestern University, Evanston, Illinois 


(Received January 4, 1952) 


The series obtained by Goldberger and Adams! are derived by a simpler method and generalized to in- 
clude systems of particles with Bose and Fermi statistics and spin, if spin dependent terms in the Hamil- 


tonian are neglected. 





N a recent paper Goldberger and Adams! have given 
series for the probability distributions in configura- 
tion space of systems of interacting point particles 
obeying Boltzmann statistics. These series contain as 
first terms the results of Wigner? and Green.’ We will 
first give a very simple derivation which yields the 
results of Goldberger and Adams in a slightly more con- 
venient form. We will then generalize these results to 
include systems of particles with Bose or Fermi sta- 
tistics and spin if the spin-dependent terms in the 
Hamiltonian can be neglected. 

To obtain the series expansions we first derive an 
integral equation which connects the average density 
matrix of the system with the average density matrix 
of a simpler system. The series expansions of Gold- 
berger and Adams are then obtained by solving the 
integral equation by iteration. 

We first consider a system of N point particles obey- 
ing Boltzmann statistics with Hamiltonian 30=3o 
-+U(q), where q denotes all the spatial coordinates of 
all the particles. We define the average density matrix 
p(qo|q, 8), where B=(Rk7T)— and T is the temperature 
of the system, by 


p(do| a, 8) =X (qo)e*¥-y,(q), (1) 


where y,(q) and £, are the eigenfunctions (chosen to be 
real) and eigenvalues of 5C with the boundary condi- 
tion that ¥,(q) vanishes on the walls of the container. 
The partition function Q is given by* Q= S p(q|q, B)dg® 
and the probability for the configurations q by 
Q-'p(q|q, 8). We define further the function G(qo|q, 8) 


G(qo| q, 8)= Le Gu(qo)e "#9, (q), (2) 


where y,(q) and W, are the eigenfunctions and eigen- 
values of Ho, with the boundary condition that ¢,(q) 
vanishes on the walls of the container. 

We now consider the integral 


B 
fe f dt f é¥qG(qola’, B—)U(@)o(a'la, 2) 


B 
=2 J af BN’ py(qo)e~F-9 Wu, (q’) 
0 


x U(q’)y,(q’)e-***,(q). (3) 


1M. L. Goldberger and E. N. Adams II, J. Chem. Phys. 20, 
240 (1952). 

2 E. P. Wigner, Phys. Rev. 40, 749 (1932). 

3H. S. Green, J. Chem. Phys. 19, 955 (1951). 

‘4 All integrations over the coordinates of the particles extend 
over the container. 


With 


8 
f dt exp[ —(8—1)W,—tE, ] 
0 = (e-FWu—e-BEr) /(E,—W,) (4) 


and 


J Ng! g,(q')U(q')¥o(4) 
= fora entaroc— Ho) ¥,(q’) 


=(f,~W,) f P¥q'o,(a’v(0), (5) 
we have 


. => Pu(qo)(e-P¥ »— eB Ev) 
x f Ng! 9,(q')¥-(a’)¥-(a) 
: J G(qo|a’, 8)d*¥q'X.¥.(a’)¥,(a) 


< f E,e0(ao)en(a’)d*%q'o(a’la, 6) (6) 


and 
B 
f dt f d%q/G(qo|q’, B—2)U(a’)o(a'|a, ¢) 
0 


=G(qo|a, 8)—p(qo|a, 8). (7) 


After solving the integral Eq. (7) by iteration we obtain 
the series 


p(qo|q, 8)=G(qo| 4, 8) 


B 
z f dt, f @%q,G(qo|q1, B—,)U(q.)G(q:la, #1) 
0 


B th 
+ f at, f 9, f dt, f @#¥qx6(qo| 41, B—4) 
0 0 


x U(qi)G(qil qe, t:—t2)U (qs)G(qzlq, t2)—-- 
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If Ho is 


and if t 
compar 
use for | 


G(qo | , 


and ext 

The s 
series of 
that the 
can be 1 
place tr: 

The € 
value is 
integral 


o(qo|q, | 


where L 
indepenc 
method 

U=U(q 


o(qo| 4, 


(7) 


btain 


CONFIGURATION PROBABILITY 


If Hy is the Hamiltonian for free particles 
Ho= — (h?/2m) 2 ;(0°/dq”), 


and if the linear dimensions of the container are large 
compared with (h?8/m)', one may with negligible error 
use for G(qo|q, ¢) the approximation 


G(qo| 4, )==(2rh*t/m)~**? exp{ —m(q—qo)?/2h*t} (9) 


and extend convergent integrals over all of q space. 

The series (8) then beomes for qo=q equal to the 
series of Goldberger and Adams. One sees in our form 
that the integrations over ¢, are folding integrals which 
can be reduced to one integration by going to the La- 
place transform. 

The expansion in the neighborhood of the classical 
value is obtained by a similar procedure. We have the 
integral equation 


o(qo|q, 8) =e 84 Go q, B) 
B 
= f dte'V f dX q’G(qo|q’, B—2) 


(U(a’)—U)o(a’ Ia, a} (10) 


where U may be U(qo) or U(q) or any other value 
independent of q’ and ¢. Eq. (10) is obtained by the same 
method as Eq. (7). By iteration we get, choosing 
U=U(q), the series 


o(qo|q, 8) = e-FU@ |va lq, 8) 


B 
on f dt, f d*%q,G(qo| qu, B—2) 
X (U(q1)— U(q))G(ai| a, 2) 


B 4 
+f dts { aa f ats { a 4-G(4 | qi, B— ty) 
0 0 


X (U (qi) — U(q))G(qi| qe, 41—¢2) 


x (U(a:)—U(@))G(a2|4, 4:)— +| (11) 


Wigner’s correction terms are obtained from the 
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second and third terms of this series by expanding 
U(qi)— U(q) and U(q2)—U(q) in power series up to 
second-degree terms and using Eq. (9). 

The integral equation and the series expansions 
following from it can be easily generalized to include 
particles with spin and Bose or Fermi statistics. We 
denote by s the spin-coordinates of all particles and 
define 


p(qo, So, 8; 8)=D-.’¥>(qo, So)e~*¥ »y,(q, 8) 
G(q, So|q, S; B)=Dou' Gu(Go, So)e>¥ uy, (q, s), 


(12) 
(13) 


where the prime indicates summation over symmetric 
or antisymmetric functions only. We neglect in what 
follows spin dependent terms in the Hamiltonians and 
define y,(q, s) and E,, and ¢,(q, s) and W, as the eigen- 
functions and eigenvalues of the spin-independent 
Hamiltonians 3Cp+U(q) and Ko, respectively. We then 
obtain as before 


B 
f aIZo f a 
0 


XG(qo, So|q’, 8’; B—t)U(q’)p(q’, s’|q, 8; 2) 
= py Pe Pu(Qo; So) (e-F¥ s— e~bEr) 


Xde J dN q’ 2, (q’, 8’)¥,(q’, 8’)¥,(q, 8). (14) 
The expression 
De f dN q’ 9, (q's’),(q's’) 


vanishes unless yg, and y, are of the same symmetry, 
and we can therefore sum over all states v in the first 
term and over-all states uw in the second term and ob- 
tain 6-functions. We thus get the integral equation 


8 
f aE f ay 
0 


XG(qo, 8o|q’, 8’; B—t)U(q’)p(q’, s’|q, S; t), 


=G(qo, 80|q, 8; 8)— (do, So] q, 8; 8), (15) 


from which a series expansion is obtained by iterations. 

We would like to thank Dr. Goldberger for an in- 
teresting discussion and an advance copy of the paper 
by Goldberger and Adams. 
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reactions involving this radical are calculated. 


Kinetics of the Decomposition of Diethyl Peroxide* 


RIcHARD E, REBBERT{ AND KEITH J. LAIDLER 
Department of Chemistry, The Catholic University of America, Washington, D. C. 


(Received December 17, 1951) 


The kinetics of the gas-phase decomposition of diethy] peroxide have been studied in a flow system, using 
excess of toluene. The main reaction products were found to be ethane and formaldehyde, and there were 
smaller amounts of methane and dibenzy]. The frequency factor of the reaction is 2.1 10", and the activa- 
tion energy is 31.7 kcal per mole. The mechanism of the reaction is discussed, and it is shown that the meas- 
ured rate must refer to the initial dissociation C-H;0OC2H;—2C:H,0. With a new value of 47.8 kcal for the 
heat of formation of gaseous diethyl peroxide, the heat of formation of the C2H;0 radical is calculated to be 
8.1 kcal, which agrees satisfactorily with estimates from other kinetic data. Thermochemical values for other 
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TUDIES of the kinetics of the decompositions of 
peroxides have a special interest in that they pro- 
vide dissociation energies for O—O bonds in these 
compounds and enable heats of formation of the alkoxy 
radicals to be calculated. The main work of this type so 
far carried out has been on di-t-butyl peroxide’? for 
which dissociation energies of 39.1! and 36.0* kcal have 
been obtained. The decomposition of diethyl peroxide 
was studied in a static system by Harris and Egerton,’ 
and an activation energy of 31.5 kcal was obtained. 
These authors concluded the reaction to be a nonchain 
process at*lower temperatures, and the present work 
substantiates this view. This conclusion was not en- 
tirely certain, however, particularly as the reaction 
became explosive at higher temperatures. A further 
reason for suspecting the conclusion that 31.5 kcal 
represented the dissociation energy of the O—O bond 
was that this assumption led to a heat of formation for 
the radical C.H;O that was inconsistent with other 
values; this latter difficulty we have, however, traced 
to an error in the value for the heat of formation of the 
peroxide itself. Walsh® in particular has proposed that 


TABLE I. Mass spectrographic analysis pattern of 











diethyl peroxide. 

m/e pattern m/e pattern 
14 13.03 31 33.21 
15 42.49 43 20.65 
26 7.95 44 11.04 
27 21.72 45 31.00 
28 7.90 62 18.55 
29 100.00 90 11.15 
30 8.99 








* Abstracted from a dissertation presented by Richard E. 
Rebbert to the Graduate School of the Catholic University of 
America, in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy in Chemistry. 

t Present address: Division of Chemistry, National Research 
Council, Ottawa, Canada. 

1 Raley, Rust, and Vaughan, J. Am. Chem. Soc. 70, 88 (1948) ; 
Rust, Seabold, and Vaughan, J. Am. Chem. Soc. 70, 95 (1948). 

2 Muraski, Szwarc, and Roberts, J. Chem. Phys. 19, 698 (1951). 

3E. J. Harris and-A. C. Egerton, Proc. Roy. Soc. (London) 
A168, 1 (1938). 

( oan) C. Stathis and A. C. Egerton, Trans. Faraday Soc. 36, 606 
1 ; 





574 









the O—O dissociation energy in diethyl peroxide is 
very much greater than 31.5 kcal; the present work, 
however, does not support this interpretation. 

With a view to establishing with more certainty the 
heat of dissociation of the peroxide, we have made a 
study of its decomposition in a flow system with excess 
of toluene, using the method introduced by Szwarc.® 










EXPERIMENTAL 





Preparation of Diethyl Peroxide 






Diethyl peroxide was prepared by the method of 
Baeyer and Villiger? as modified by Harris and 
Egerton.? The crude product was first vacuum dis- 
tilled to remove all volatile products which were then 
distilled at atmospheric pressure and the fraction from 
60-70°C was collected. This was washed with sodium 
hydroxide solution and dried with potassium carbonate. 
It was then redistilled and the fraction from 63-67°C 
was retained. It was washed again with sodium hy- 
droxide and dried with potassium carbonate and re- 
distilled, the final distillation range being 64.3-65.3°C. 

To test the purity of the compound a mass spectro- 
graphic analysis was made.* The main peaks are shown 
in Table I; peaks which were less than 5 percent of the 
highest peak are omitted. The absolute purity of the 
sample could not be determined since there is no stand- 
ard of diethyl peroxide with which to compare it. 
However, the lack of any appreciable peak at 17 m/e 
indicates the absence of any alcohol or hydroperoxide. 
Also, the lack of any appreciable peak at 74 m/e indi- 
cates the absence of diethyl ether. The index of refrac- 
tion of the compound was taken at various tempera- 
tures and the results are given in Table II along with 
the results given in the literature. 

The toluene used was from Mallinckrodt Chemical 
Works, analytical reagent grade (meets A.C.S. speci 
fications). 





























5 A. D. Walsh, J. Chem. Soc., 331 (1948); Trans. Faraday So 
42, 264 (1946). 

6 M. Szwarc, J. Chem. Phys. 16, 128 (1948) ; 17, 431 (1949). 
(19 = von Baeyer and V. Villiger, Ber. deut. chem. Ges. B33, 3387 

900). 

* Courtesy of the National Bureau of Standards. 
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DIETHYL PEROXIDE DECOMPOSITION 


TABLE II. Index of refraction of diethyl peroxide. 








Temperature 9.5°C | ig 16.5°C 20°C 





1.3700 
1.3698 


1.3720 
1.3712 


1.3718 
1.3715 


1.3752 
1.3758 


Observed 
Literature 








Kinetic Procedure 


The apparatus, which is similar to that used by 
Szwarc,® is shown in Fig. 1. Toluene was introduced 
through the capillary Kz from flask V; which was 
maintained at constant temperature. Stopcocks S; and 
5, and the intervening tubing were heated to about 
80°C with nichrome wire in order to prevent any con- 
densation of toluene; Dow-Corning High Vacuum 
grease was used in this part of the system. The peroxide 
was introduced through capillary K, from flask V» 
which is also surrounded by a constant temperature 
bath. The gases were passed through a spiral R which 
was maintained at constant temperature in a thermo- 
statically controlled furnace. The temperature of the 
furnace was measured using an iron-constantan thermo- 
couple. The first trap after the furnace, J), was sur- 
rounded with dry ice-acetone and condensed most of 
the toluene and undecomposed peroxide. The second 
trap T2 was immersed in liquid nitrogen and retained 
the ethane and formaldehyde. The mercury diffusion 
pump P was capable of maintaining a steady pumping 
speed even when stopcock Sy was closed and a small 
methane pressure built up in the vessel V3. 

Before starting a run, flasks V; and V2 were weighed. 
They were then inserted into the system and the con- 
tents repeatedly frozen in liquid nitrogen, evacuated, 
and melted. Every 15 minutes during a run the pressure 
was read on manometer M, using a traveling telescope 
and was usually constant to 0.2 mm. The toluene, 
peroxide, ethane, and formaldehyde were condensed in 
traps 7, and T2, while the methane formed went into 
the storage vessel V3 and its amount was determined 
at the end of the run. The storage vessel was then 
evacuated and a liquid nitrogen trap was placed around 
trap Ty. Stopcock S; was opened and a liquid ethylene 
trap replaced the liquid nitrogen trap about T>. After 
about 15 minutes stopcock S; was closed and the liquid 
nitrogen was removed from trap 74. The temperature 
and pressure of ethane and formaldehyde were meas- 
ured. Finally, flasks V; and V2 were removed and re- 
weighed in order to determine the amounts of toluene 
and peroxide that went through the furnace. The total 
Volume of gas that went through the furnace could be 
calculated from the total number of moles of toluene 
and peroxide and the pressure and temperature of the 
fumace. The contact time was then determined from 
this total volume passed, the volume of the furnace, 
and the time in which it passed. From the contact 
lime, the amount of peroxide passed, and the amount 
decomposed (see later), the specific rate at the tempera- 
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ture of the furnace was calculated using the first-order 
rate equation. 


RESULTS 


The main products of the reaction were found to be 
ethane and formaldehyde, and much smaller amounts 
of methane and dibenzy] were found. Some polymeriza- 
tion of the formaldehyde occurred in the traps; the 
polymer was a white solid which gave the Tollen and 
Fehling tests. The reaction rate was calculated from the 
amount of ethane formed plus one-half of the amount 
of methane; the justification for this is given in the 
next section. To determine the amount of ethane from 
the combined pressures of ethane and formaldehyde 
a correction had to be made for the amount of poly- 
merization. It was estimated that 20 percent of the 
formaldehyde polymerized. The error in activation 
energy arising from inaccuracy in this figure is only 
slight; thus even taking the extreme cases of zero and 
100 percent polymerization, the inaccuracy is only 
+2 kcal, and therefore is, in fact, very much smaller 
than this. 

The results are summarized in Table: III. The rate 
constants are shown plotted against 1/T in Fig. 2. The 
activation energy is found to be 31.71 kcal, and the 
frequency factor is 2X10" sec. The latter value is 
consistent with the values found by Szwarc® for reac- 
tions of this type, including the di-t-butyl peroxide 
reactions.” The activation energy is in excellent agree- 
ment with the value (31.5 kcal) given by Harris and 
Egerton® for the over-all process in a static system. 


DISCUSSION 
Kinetic Mechanism 


The products obtained for this reaction indicate 
that the main processes are 


C,H;O00C.H;—2C2H;0, (1) 
C.H;,O—-CH;+ CH,0, (2) 
2CH;—C2Heg. 























My 


Fic. 1. Schematic diagram of apparatus. The stopcock S¢ is 
connected to the forepump, Sio to a McLeod gauge. 


8M. Szwarc, Chem. Revs. 47, 75 (1950). 








Taste III. Summary of results, 

















Total Ratio Contact 
pressure toluene time 0 k X10? 
r ia (mm) peroxide (sec) decomp (sec!) 
239 12.15 68/1 0.863 31 42.4 
245 12.62 74/1 0.850 42 - 64.3 
234 * 12.51 76/1 0.858 26 35.0 
234 12.05 73/1 0.857 28 38.6 
218 11.91 - 73/1 0.894 10 14.7 
213 10.91 74/1 0.893. 6 6.63 
210 11.13 78/1 0.888 7 8.30 
206 11.99 91/1 0.900 6 6.41 
242 12.01 84/1 0.832 24 57.4 
226 12.04 89/1 0.856 17 22.3 
241 11.48 78/1 0.850 39 57.6 
200 11.39 79/1 0.914 3 3.58 
210 11.53 77/1 0.910 6 6.76 
In addition the reactions 
CH3;+ CsH;CH;—-CH,+ C.H;CH2 (4) 
2C.H;CH2—-C,sH;CH2CH2C,H; (5) 


must occur to a small extent to account for the fact 
that methane and dibenzyl are minor products. The 
fact that no ethyl alcohol is formed shows that reaction 
(2) is more rapid than the process C.H;0+CsH;CH;— 
C.H;OH+CsH;CH2. The small amounts of dibenzyl 
formed are consistent with the result® that the activa- 
tion energy of (4) is 8.3 kcal higher than that of (3); 
dibenzy] will therefore only be formed in large amounts 
at higher reaction temperatures. 

The reaction under our conditions is much simpler 
than as studied by Harris and Egerton* who found 
appreciable amounts of acetaldehyde, ethyl alcohol, 
and carbon monoxide in addition to the products we 
obtained. These products are presumably formed by 
the following reactions: 


C;H;0+C;H;00C;H;— 
C.H;OH+CH;CHOOC:2H; (6) 
CH;CHOOC;H;—>CH;CHO+C:H;0 — (7) 
CH;CHO-—CH,+CO via chain processes. (8) 
The absence of these complicating reactions in our 


investigation is to be attributed to the very low peroxide 
pressures employed, so that the bimolecular reactions 
occur slowly ; reaction (3) is probably a surface reaction 
and therefore can occur readily at low pressures. 


Kinetic Law 


In terms of reactions (1)-(5) the rate of decomposi- 
tion of peroxide is the rate of formation of ethane plus 
one-half the rate of formation of methane; this is so 
because every peroxide molecule gives rise to two methy] 
radicals, each of which may either dimerize to give 
1/2C.H, or may react with toluene to give CHy. The 
rates given in Table III are in fact determined in this 


9A. F. Trotman-Dickenson and E. W. R. Steacie, J. Chem. 
Phys. 19, 329 (1951). 


R. E. REBBERT AND K. 
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way. Since diethyl peroxide only disappears by reaction 
(1), the over-all rate is 


d[C:H,OOC-H; ] 
dt 







= ki[ CoH;O00C2Hs |, 











so that the over-all activation energy is applicable to 
reaction (1). 









The O—O Dissociation Energy 






The activation energy of 31.7 kcal for reaction (1) is 
almost certainly the energy of dissociation of the O—0 
bond in the peroxide, since the activation energy of the 
reverse reaction is probably zero. It is of interest to 
compare this value with that for other O—O bonds, 
the values for which are as follows: 


D(HO—OH) = 54 kcal per mole 
D(C:H;O—OC2H;) = 31.7 kcal per mole 
D(C3;H;0—OC;3H7)=35 kcal per mole 

D((CH3)3CO—OC(CHs3)3) = 36, 39 kcal per mole. 
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Fic. 2. Plot of logiok vs 1/T. The least squares 
activation energy is 31.7 kcal per mole. 







Thermochemistry of the C.H;O Radical 





Assuming the activation energy of 31.7 kcal to be the 
energy of dissociation of the O—O bond, the heat of 
formation of the CsH;O radical can be calculated pro- 
vided that for the peroxide is known. Stathis and 
Egerton’s value‘ of 68.0 for the liquid peroxide gav¢ 
rise to inconsistent results (see below), and we arranged 
for a redetermination of the heat of combustion to be 
carried out on our sample; this was very kindly dont 
by Mr. F. A. Zihlman at the U. S. Naval Powder 
Factory at Indian Head, Maryland. His value (662/ 
kcal per mole) leads to 55.6 kcal per mole for the heat 
of formation of the liquid peroxide, and a correctia 
based on Trouton’s rule gives 47.8 kcal for the gaseous 
substance. The heat of formation for C2.H;O calculated 
from this value is 8.1 kcal per mole. 
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Values for this quantity may also be calculated from 
other data. The activation energy of 37.7 kcal for the 
decomposition of ethyl nitrite’ is almost certainly the 
dissociation energy of the N—O bond in the molecule, 
and heats of formation are available for the nitrite and 
for nitric oxide. Two activation energies, 34.6 and 39.9 
kcal, have been obtained for the decomposition of ethyl 
nitrate," " and these again almost certainly correspond 
to the dissociation energy of the bond. Unfortunately, 
the heat of formation of the nitrate ‘is not certain since 
various values have been quoted. 

In Table IV are presented a number of possible com- 
binations of values for the peroxide, nitrite, and nitrate 
data; the value for the heat of formation of the C.H;O 
radical is given in each case. The value obtained on the 
basis of the Stathis-Egerton heat of formation of the 
peroxide is seen to be much higher than the remaining 
values. The value of 8.1 from the peroxide work agrees 
satisfactorily with that from the nitrite study. It also 





















TABLE IV. Data for reactions CAH;0X—-C.H;O+-X. 

























X Qs(C2HsOX) Q7(X) D Qs(C2Hs0) 
C.H;O 47.8* 31.7% 8.1! 
C.H;O 60.2° tee 31.7% 14.3 
NO 25.9» —21.6° 37.7! 9.8! 
NO, 33.44 — 8.08 34.65 6.8 
NO, 33.44 — 8.08 39.93 3 
NO, 34.93 —8.08 34.65 8.3! 
NO2 34.93 _—8.08 39.93 3.0 
NO. 35.8 — 8.08 34.65 9.2! 
NO, 35.8* — 8.08 39.9 3.9 











*F. A. Zihlman (private communication). 

> Present investigation. 

‘FE. C. Stathis and A. C. Egerton, Trans. Faraday Soc. 36, 606 (1940); 
value corrected for the gaseous peroxide. 

4J, Thomsen, Thermochemische Untersuchungen (Barth, nateots, 1882-6). 

*M. P. E. Barthelot, Ann. chim. et phys. (5) 20, 255 (1880). 

'E, W. R. Steacie and S. Katz, J. Chem. Phys. 's, 125 (1937). 

&M. Randall, International Critical Tables, Vol. VII, p. 239. 

bL, Phillips, Nature 160, 753 (1947). 

iG. K. Adams and C. E. H. Bawn, Trans. Faraday Soc. = 494 (1949). 
iE, Schmidt, Z. ges. Schiess-u. Sprengstoffw. 29, 262 (1934). 

k Landolt- Bornstein, Physik. Chem. Tabellen, II, 1619. 

' These values are mutually consistent within experimental error. 











agrees well with the results of the nitrate work, pro- 
vided that Phillips’s activation energy is used. The 
Adams and Bawn activation energy seems to be too 
high to give agreement using any of the heats of forma- 
tion for the nitrate. The values marked with an asterisk 
in Table IV are the ones that appear to be most mutu- 
ally consistent. 

By assuming the heat of formation of C2H;O to be 
8.1 kcal, other interesting heats of dissociation can be 
deduced. Those for C-H;0—H, CH;CO—OC.Hs, and 
















“E. W. R. Steacie and S. Katz, J. Chem. Phys. 5, 125 (1937). 
ae Phillips, Nature 160, 753 (1947). 

"G. K. Adams and C. E. H. Bawn, Trans. Faraday Soc. 45, 
494 (1949), 





DIETHYL PEROXIDE DECOMPOSITION 





TABLE V. Derived heats of dissociation. 











Heats of 
‘ dissociation 

Dissociation Heats of formation keal per 
AB-A+B AB A B mole 
C:HsOH ~C2H;0+H 57.08 8.15 —51.98 100.8 
C2HsOC2Hs>C2Hs0 +CoHs 59.6¢ 8.15 —26.04 77.5 
C2HsOH —C2Hs +OH 57.08  —26.04 —10.0* 93.0 
Ka CH sCO+C2H;sO =: 1106.6 6.64 8.1> 91.9 
C:HsO0 CH: +C 8.1b —31.0¢ 28.78 10.4 
C:HsO>C2Hs +0 8.1b 26.08 59.28 93.3 
C:HsO-H +CH;CHO 8.1b —51.98 44.08 16.0 








8 F, D. Rossini et al., “ 
Natl. Bur. Standards. 

b Present investigation. 

¢ F, Stohmann, J. prakt. Chem. (2) 35, 40, 136 (1887). 

4 FE. Butler and M. Polanyi, Trans. Faraday Soc. 39, 19 (1943). 

e E. Schjanberg, Z. physik. Chem. A172, 197 (1935). 


Selected values of properties of hydrocarbons," 


CH;—CH,0, together with related dissociations, are 
given in Table V. The value of 10.4 for the reaction 
C.,H;O—CH;+CH.0 clearly places a lower limit on 
the activation energy of this reaction which plays a 
part in many reaction mechanisms. 

The low value of 77.5 kcal for the dissociation 
C.H;OC2H;—-C2H;0+C2H; is of special interest in 
that it suggests that this reaction will be the first step 
in the decomposition of the ether; the alternative proc- 
ess C;H;O0C,H;-CH;+CH:,0C2H; proposed by Rice 
and Herzfeld" probably has a higher dissociation energy. 
The mechanism for the decomposition is thus probably 


C.H;OC2H;-C2H;0+ CoH; 
C.H;O—-CH,0O+ CH; 
CoH;5+ CH;CH,OC2H;—-C2H¢6+ CH;CHOC,-H; 
H;+CH;CH,OC.H;—-CH,+ CH;CHOC2H; 
CH;CHOC.H;-CH;CHO+ CoHs. 


If chain ending occurs mainly by recombination of 
CH; and C2H; with CH;CHOC2H,, the kinetics are 
first order in agreement with experiment.“ This scheme 
seems preferable to that of Rice and Herzfeld in avoid- 
ing the unlikely step 


CH;+- C.H;OC oH;—C oHe+ CH.,OC2H;s. 
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The reactions of methyl] radicals formed by the photolysis of acetone with several halogenated methanes 
have been investigated between 110°C and 220°C. The activation energies of these reactions have been 
determined relative to the activation energy of the combination of methyl radicals and are found to be 
(in kcal) : methyl] fluoride 8.7, methylene fluoride 6.2, methyl] chloride 9.4, methylene chloride 7.2, chloroform 
5.8, methyl] bromide 10.1, methylene bromide 8.7. The steric factors of the reactions are in the range 10-*-10~*. 
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INTRODUCTION 


HIS paper is a continuation of the quantitative 
survey of the reactions of methyl radicals with 
various compounds! and the experiments described here 
were carried out to determine the rate of abstraction of 
hydrogen atoms, by methyl, from a series of halogenated 
methanes. The methyl] radicals were produced in the 
photolysis of acetone at temperatures above 100°C in 
which case the production of methane and ethane is 
compatible with the reactions: 


CH;+ CH;= C2H,g, (2) 
CH;+ CH;COCH; = CH,+ CH.COCHs3. (3) 


If Reng and Rcoxe are the rates of formation 
of methane and ethane, respectively, [CH;] and 
[CH;COCH;] the concentrations of methyl and ace- 
tone, and kz and ks the rate constants corresponding to 
reactions (2) and (3), it follows that 


ks/ Ro} = Rews/Reong! : [CH;COCHs ]. 


In the presence of a compound containing hydrogen, 
RH, methane is most likely also produced by the 


TABLE I. The photolysis of acetone alone. 








Acetone 
concen- 


see Products (molecules/cc X10718) 





Temp. (molecules/ Time 
(°K) ccX10-8) (sec) CO Methane Ethane k3/ks! X10" 
No filter 
488 1.90 1800 21.0 11.0 8.52 46.5 
405 2.25 1800 18.2 2.29 14.0 6.40 
565 1.51 1200 21.6 14.4 2.61 170 
439 2.10 1800 17.8 4.71 12.3 15.1 
532 1.75 1800 18.5 17.0 4.10 114 
434 2.24 1800 5.66 2.56 3.41 14.6 
Filter No. 1 
456 2.10 5400 6.82 7.02 2.89 26.8 
400 2.27 5400 4.56 2.05 3.88 6.24 
493 1.97 5400 5.23 9.32 1.14 60.3 
425 2.26 5400 4.89 3.41 2.95 12.0 
431 2.18 1800 16.1 5.23 13.9 5.2 
523 be | 1800 18.0 17.0 5.11 104 








* National Research Council of Canada Postdoctorate Fellow, 
1950-51. 

1A. F. Trotman-Dickenson and E. W. R. Steacie, J. Chem. 
Phys. 18, 1097 (1950); 19, 169, 329 (1951); Trotman-Dickenson, 
Birchard, and Steacie, J. Chem. Phys. 19, 163 (1951). 
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reaction 





CH;+RH=CH,z+ RB. (1) 


If k, is the rate constant for this reaction and [ RH] 
the corresponding concentration, it can be shown that 


1 [ CH3;COCH; | 
ky/ko= Rowg/Reoue?- — K3/ R2*° 
[RH] [RH] 


Since we can obtain a value for k3/k2! by the pho- 
tolysis of acetone alone at any temperature, it is possi- 
ble, by using this relation, to determine k;/k2}. 



















EXPERIMENTAL 
Apparatus 







The light source was a Hanovia S-500 medium pres- 
sure arc and was operated with a constant current of 9.6 
amp through the primary of the lamp transformer. The 
light from the arc was roughly collimated by a highly 
polished aluminum cylinder having approximately the 
same diameter as the reaction vessel. 

The volume of the light beam within the reaction cell 
was 120 cc, and this volume has been used throughout in 
the calculation of the rate constants. The volume of the 
vessel was only slightly greater than that of the beam 
(the beam passed within 2-3 mm of the walls), so that no 
appreciable change would result if the cell volume were 
used in the calculations instead of the light volume. The 
following filters were periodically included in the 
optical system : 






















Filter 1: A Corning 9-54 filter with a cutoff below 2200A. 
Filter 2: A Corning 9-53 filter with a cutoff below about 2700A. 


In the case of each halide used, blank experiments 
were made to ensure that no direct photolysis occurred, 
and this factor governed the choice of filter in each case. 

The cylindrical silica reaction vessel ‘was contained in 
an aluminum block furnace whose temperature was 
maintained constant to within +0.5°C during each run 
by manual control. The furnace was made to slide on 4 
rail to facilitate removal of the reaction vessel when 
necessary. 

The analysis system was of the conventional type and 
included a modified Ward still,? McLeod gauge, Toeplet 









2D. J. LeRoy, Can. J. Research B28, 492 (1950). 
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TABLE II. The reaction of methy] radicals with 
halogenated methanes. 





WITH METHYL HALOGENS 





Concentration 
(molecules/ 
Temp. cc X10717) 
(°K) Acetone RH 


Products 
(molecules/cc X 10718) 


CO Methane Ethane 


Time 
(sec) 





Acetone-methyl fluoride 
no filter 


3600 =: 110.3 
3600 §=.:10.7 
3600 9.77 
3600 = 10.2 
3600 9.66 


9.66 
15.2 

4.42 
10.9 

5.94 


22.1 5.97 
19.8 
24.4 
20.8 


23.3 


6.70 
4.88 


Acetone-methylene fluoride 
no filter 
7.95 


3600 9.66 

3600 8.97 4.77 
3600 954 8.44 
3600 8.75 5.30 
3600 9.88 10.5 
3600 9.09 6.11 


Acetone-methyl chloride 
no filter 


5400 

5400 

5400 

5400 

5400 

Acetone-methylene chloride 
filter No. 1 

5400 5.85 

5400 3.98 
8.97 


4.09 
4.66 6.82 


Acetone-chloroform 
filter No. 1 


5400 4.20 
5400 3.75 
5400 3.41 
5400 3.30 
5400 3.69 
5400 3.41 


Acetone-methyl bromide 
filter No. 1 


7.95 
9.43 
9.09 
5.97 
6.25 
5.23 
5.23 
5.79 


oO 


22.9 
21.7 
19.9 
23.2 
22.1 
21.2 
23.3 
20.8 


ee 
00 Div 


23.4 
20.7 
20.3 
23.3 
20.4 


— — 

NS UTD OP > bY OO 

wWwwr Ww i 
i) as 


Acetone-methylene bromide 
filter No. 2 
15.1 


1800 =. 12.6 
9.66 10.8 
7.95 6.59 
8.07 11.7 
7.16 


6.59 
6.25 8.35 


443 266 
1.82 634 
3.18 262 
0.97 897 
1.88 367 
147 490 


24.9 
21.4 
23.5 
20.9 
22.5 
426 22.7 








pump, and calibrated gas burette. A small copper oxide 
fumace operated at 216°C was used to determine the 
amount of carbon monoxide in the “noncondensable” 
fraction of the reaction products. 


Materials 


Acetone was a Mallinckrodt Analytical Reagent 
product which had been refluxed over potassium per- 
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manganate prior to distillation. It was dried over 
dreierite and kept in the dark. 

Methyl fluoride was prepared by the Swarts* method. 
Mercurous fluoride was slowly added to a solution of 
iodine in methyl] iodide (in a molar ratio of 1:2). The 
effluent gases were passed through a condenser at 
—40°C, then washed with water to remove silicon 
tetrafluoride and condensed in Pyrex traps cooled in 
liquid air. The product was distilled through a 
Podbielniak Column and center cuts taken at a constant 
boiling point. The molecular weight was 33.8 (theo- 
retical 34.0). 

Methylene fluoride was prepared by the reaction of 
mercurous fluoride with an equimolar mixture of 
methylene iodide and iodine. The gaseous products 
were distilled and the fraction boiling at —51° to —52° 
collected. The gas was bubbled through 10 percent 
sodium hydroxide solution and dried with concentrated 
sulfuric acid. This was redistilled and the fraction 
boiling at —51.6° was removed. The molecular weight 
was 51.4 (theoretical for methylene fluoride 52.0). 

Methylene chloride was an Eastman Kodak Company 
product. It was washed with sodium carbonate, dried 
over calcium chloride, and then distilled from phos- 
phorous pentoxide. 

Chloroform and carbon tetrachloride were research 
grade Anachemia products. 

Methyl! bromide (99.5 percent), methylene bromide, 
and bromoform were obtained from the Matheson 
Company. 


RESULTS 


The results given in Table I and plotted in Fig. 1 are 
those obtained in the photolysis of acetone alone. The 
value of 9.5 kcal arrived at for the activation energy of 
the reaction of a methyl radical with acetone in both 
cases compares favorably with the value of 9.7 kcal 
previously established in this laboratory. 
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Fic. 1. Arrhenius plot for the reaction of methyl radicals 
with acetone. 


3 F. Swarts, Bull. Soc. Chim. Belg. 46, 10 (1937). 
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Fic. 2. Reaction of methy] radicals with fluorinated methanes. 


The results obtained on the photolysis of acetone in 
the presence of various halogenated methanes are given 
in Table II and Figs. 2-4. Certain members of the series 
have not been done, either because of low vapor pressure 
(bromoform) or because of difficulty in separating the 
products from the reactant (fluoroform). It is hoped that 
work with these will be done later. 

It will be noted from the results that the rate of 
carbon monoxide production fluctuated from one series 
of experiments to the next, and since the carbon 
monoxide production functions as an internal actinome- 
ter, it follows that the intensity of illumination changed 
accordingly. This was caused in part by the introduction 
of different filters into the optical system as indicated 
and also to the formation of a deposit on the windows 
of the reaction cell. Whereas the deposit did not affect 
the intensity of illumination appreciably in any one 
series of experiments, it was found necessary to “flame”’ 
the reaction vessel from time to time, and each such 
flaming produced a sharp rise in transmission in the 
succeeding series. 


DISCUSSION 


The results we obtained are summarized in Table III. 
Several interesting conclusions may be drawn at once 
from these observations. First of all, it is evident that 
the ease of interaction of methyl radicals with the 
different halogenated methanes varies markedly with 
the nature of the particular halogen substituent. The 
activation energy for the removal of a hydrogen atom, 
by methyl radicals, from methyl fluoride is lower than 
that for methyl chloride, which in turn is lower than that 
for methyl bromide. This is also true for the methylene 
compounds. 

The second conclusion we arrive at is that the 
activation energy for the abstraction of a hydrogen atom 
in any one series becomes progressively smaller as the 
number of halogen atoms in the methane is increased. 
Thus, a methyl] radical removes a hydrogen atom from 
methylene chloride more readily than from methyl 
chloride but less readily than from chloroform. This is 


F. A. RAAL AND E. W. R. 





STEACIE 





also in general agreement with the work of Kistiakowsky 
and van Artsdalen* who concluded that there was a 
progressive decline in the magnitude of the C—H bond 
strength with increased halogenation. It is also in line 
with the general conclusions of organic chemistry re- 
garding the “activity” of the hydrogen atoms in 
substituted methanes. 

In calculating the ratio of the steric factors, a 
collision diameter of 5A was assumed for all the halo- 
genated methanes and of 3.5A for the methyl radical. 
The uncertainties introduced by assuming these values 
are certainly less than the experimental error. 

If one accepts a value of 0.1 for the best value of the 
steric factor of reaction (2),' then the absolute values of 
the steric factors will be equal to 3 the value of P,/P,! 
given in the last column of Table III. 

The results in Table III indicate that, as with other 
hydrogen-abstraction reactions, the steric factors of 
these reactions are significantly lower than unity.® The 
values for the bromides are, however, decidedly larger 
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Fic. 3. Reaction of methyl radicals with chlorinated methanes. 






than is the case with hydrocarbons and most other 
substances.’ 

In the interpretation of the above results the only 
important assumption is that methane and ethane are 
formed solely by reactions (1), (2), and (3). Provided 
that this is true, other fates of the methyl radical will 
not affect the interpretation of the results. 

It is, of course, obvious that chlorine-abstraction 
reactions may also occur, e.g., 


CH;+ CHCl;= CH;Cl+ CHCl. 
In the case of methyl chloride and methy] bromide this 













4G. B. Kistiakowsky and E. R. van Artsdalen, J. Chem. Phys: 
12, 469 (1944). 

5R. W. Durham and E. W. R. Steacie, J. Chem. Phys. (to be 
published). 

6 For a discussion of the status of investigations of such factors, 
see E. W. R. Steacie and M. Szwarc, J. Chem. Phys. 19, 130 
(1951). 

7A. F. Trotman-Dickenson and E. W. R. Steacie, J. Chem. 
Phys. 19, 329 (1951). 
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can make no difference, since the only result is an ex- 
change of the chlorine or bromine atom. 

In the case of chloroform the result is to form methyl 
chloride and a partially chlorinated methyl radical. 
Since the conversion is small and since methy] chloride is 
less reactive than the more highly substituted methanes, 
no serious complication can result from the presence of 
CH;Cl. The fate of the radical CHCl, will be of no 
importance unless methane or ethane are formed from 
it, and this seems most unlikely. The abstraction of 
chlorine would not, therefore, be expected to introduce 
complications. 

It is, in fact, possible to make a rough estimate of the 
extent of chlorine abstraction. If methyl radicals com- 
bined only with each other, then in the photolysis of 
acetone alone the ratio (C2sHe+3CH,)/CO would be 
unity. If, however, all acetonyl radicals formed by 
hydrogen-abstraction combined with methyl, then the 
above ratio would be less than unity, and the ratio 
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Fic. 4. Reaction of methyl radicals with brominated methanes. 


(C-H.+CH,)/CO would equal unity. In fact the real 
situation lies between these two extremes. In the 
presence of an added substance, RH, similar considera- 
tions will apply, depending on the presence or absence 
of processes such as 


R+ CH;=RCHs3. 
If chlorine-abstraction were the major process, most 


methyl radicals would be expected to disappear by 
reactions such as 


CH;+ CH.Cl = C:H;,Cl, 
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TABLE ITI. Activation energies and steric factors for the reaction 
of methyl radicals with some halogenated methanes. 








E:i—jE: 
Compound kcal 


Methy] fluoride 8. 13 
Methylene fluoride : 1 


Methy] chloride F 28 
Methylene chloride : 6 
Chloroform 5 2 


Methyl bromide , 96 
Methylene bromide 5 45 


P1/P4 X108 











which do not form methane or ethane. The ratio 
(C2H¢+3CH,)/CO would thus be expected to become 
very small. In fact it is found that the value of this ratio 
is not appreciably affected by the presence of halides. 
It may, therefore, be concluded that chlorine-abstrac- 
tion reactions are at least not faster than hydrogen- 
abstraction, and the rates found for hydrogen-abstrac- 
tion may be taken as an upper limit for the rate of 
chlorine-abstraction. 

Finally, one peculiar effect should be mentioned. Ex- 
periments have been performed in which acetone was 
photolyzed in the presence of carbon tetrachloride. 
Under these circumstances methane formation is in- 
creased and ethane formation becomes almost zero. A 
part of this effect is a result of traces of HCl as an im- 
purity in the carbon tetrachloride. This is, however, by 
no means responsible for the major part of the effect. It 
seems very difficult to explain the increased formation of 
methane unless HC] is formed in small amounts in the 
reaction. A detailed investigation of this problem is 
under way. In the meantime the possibility of complica- 
tions of this sort introduces some uncertainty into the 
above results. However, in view of the reproducibility 
of the results, the way in which the kinetics fit in with 
work on other systems, and the reasonableness of the 
activation energies obtained, we feel that it is most 
unlikely that the present results are greatly in error 
from such a cause. 
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of Methyl Radicals 
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Radioactive tellurium mirrors have been used to investigate the rate of reaction of methyl radicals with 
nitric oxide in a flow system. The collision efficiency of this reaction has been found to be 1.5X10~4, which is 
higher by a factor of 10 than the previous value obtained by Forsyth. This value when applied to results 
obtained by Miller and Steacie for the ratio of the two reactions 


CH:+CH;—C2Hg, (1) 
CH;+NO- products, (2) 
leads to a collision efficiency or steric factor, assuming the activation energy to be zero, of 0.01 for methyl 


combination. A comparison of this value with those obtained by other authors from photochemical studies 
suggests the value for the collision efficiency of methyl combination is between 0.5 and 0.05. 
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INTRODUCTION 


HE collision efficiency of the reaction between 
methyl radicals and nitric oxide has been esti- 
mated by Forsyth! to be 1.4X10-*. The experimental 
technique entailed finding the rate of disappearance of 
methy] radicals as they flowed along a reaction tube in 
the presence of several different concentrations of nitric 
oxide. The relative concentrations of radicals at points 
along the tube were obtained from the rates of removal 
of tellurium mirrors at those points; radicals were 
produced by heating diethyl ether vapor, flowing 
through the system, to 800°C. 

This value for the collision efficiency of methyl and 
nitric oxide has been used by Miller and Steacie? to 
evaluate the collision efficiency of the combination of 
methyl radicals. They allowed the two reactions 


k 
CH;+CH;>C:H,, 


k 
CH;-+NO—products, 


to take place simultaneously and measured the ratio 
ky*/ks. The collision efficiency of methyl and nitric oxide 
was then multiplied by the collision frequency of this 
reaction in order to find the value of the reaction 
constant k2. When this value was substituted in their 
results a value of 4.4X10-> was obtained for the 
collision efficiency of methyl combination. Results ob- 
tained by Gomer and Kistiakowsky,’ Lucas and Rice,‘ 
and Dodd,® however, all point towards a value near 
unity for this efficiency, and as the methyl combination 
reaction occurs as a competing reaction in all investi- 


* National Research Council of Canada Postdoctorate Fellow, 
1950-52. 

1 J. S. A. Forsyth, Trans. Faraday Soc. 37, 312 (1941). 

2D. M. Miller and E. W. R. Steacie, J. Chem. Phys. 19, 73 
(1951). 

3’R. Gomer and G. B. Kistiakowsky, J. Chem. Phys. 19, 85 
(1951). 

4V. E. Lucas and O. K. Rice, J. Chem. Phys. 18, 993 (1950). 

5 R. E. Dodd, Trans. Faraday Soc. 47, 56 (1951). 
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gations involving the reaction of methy! radicals with 
other molecules, it is important that the reason for this 
discrepancy in the values for the collision efficiency be 
found. The value for the ratio of reaction of methyl 
with nitric oxide occurs as a squared term in Miller and 
Steacie’s calculation and therefore Forsyth’s experi- 
ments have been repeated with certain refinement in 
order to obtain as accurate a value as possible for kp». 










EXPERIMENTAL 


In principle the method used is the same as that of 
Forsyth though several modifications affecting radical 
production and measurement have been introduced. In 
order that there should be no ambiguity over the nature 
of the radicals investigated, di-i-butyl peroxide was 
used in place of diethyl ether as a source of radicals. 
This substance has been shown by Vaughan et al. to 
decompose into methyl radicals and acetone at com- 
paratively low temperatures. In the present work a 
vapor pressure of about 0.2-mm di-buty] peroxide was 
maintained in the reaction tube by allowing liquid 
di-butyl peroxide to evaporate from a reservoir held 
slightly below room temperature into a large bulb, and 
from there through a capillary into the reaction tube. 
A furnace temperature of 325°C gave a reasonable yield 
of radicals so that a Pyrex reaction tube could be used in 
place of quartz. 

Matheson nitric oxide, specified purity 98 percent, 
was obtained from a cylinder and passed at atmospheric 
pressure through a trap at — 120°C to remove NOs, then 
into a ballast vessel which was connected to the reaction 
tube through a capillary downstream from the furnace. 
The capillary was removable and could be replaced by 4 
variety of tubes in order to vary the partial pressure of 
NO in the system. The input rate of NO could be found 
by cutting off the calibrated ballast vessel from the NO 
input and observing the drop in pressure in a given time 
with an oil manometer; over a pressure drop of 2 or 3 
mm of mercury the partial pressure of NO in the 


6 Raley, Rust, and Vaughan, J. Am. Chem. Soc. 70, 88 (1948). 
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REACTION OF CH; 


reaction tube was not affected. In order to calculate the 
partial pressure of NO in the reaction tube Forsyth 
assumed that the flow rates of NO and ether vapor 
along the tube were equal and independent of each 
other. The partial pressures of NO and vapor would 
then be in the same ratio as their input rates at atmos- 
pheric pressure, both of which could be measured. A 
measurement of the pressure with ether vapor alone 
passing through the tube at a known input rate then 
made possible an estimation of the NO partial pressures 
for different NO input rates. It would appear that this 
method could lead to a considerable error in the absolute 
value for the NO partial pressure so that a more direct 
method was applied to measure this quantity. The total 
pressure was measured with a McLeod gauge while the 
apparatus was operating under known conditions of 
flow, the mixed gas in the McLeod was then isolated 
from the apparatus and the butyl] peroxide frozen out in 
a small side tube at —120°C. The pressure of NO was 
then measured and taken to be the partial pressure of 
NO in the reaction tube; cooling the side tube with NO 
alone in the McLeod did not alter the NO pressure. The 
difference between this NO pressure and the total 
pressure was found to equal the pressure obtained when 
di-butyl peroxide vapor alone was passing and hence 
shows that the flow rates are independent. Using this 
method it was found that the flow rate of NO differed 
from that of di-butyl peroxide, and therefore a source of 
error would arise in Forsyth’s equating of the flow rates. 

Radioactive tellurium mirrors were used in order that 
the rate of removal could be followed directly. Pure 
tellurium was irradiated in the Chalk River pile pro- 
ducing Te!’ and Te”? with half-lives of 90 and 32 days, 
respectively, and also 8-day I'*!. Since high activities of 
the tellurium isotopes could be obtained, the iodine 
activity was removed by allowing the irradiated ma- 
terial to decay for about three months. Most of the 
activity reaching an annular Geiger tube’ surrounding 
the reaction tube consisted of y-rays from Te”*. The 
annular counter could be moved along the reaction 
tube, and when in operation, it surrounded the mirror. 
Mirrors were deposited inside a cylindrical glass rider 
movable up and down the tube by means of a steel 
counterweight and external magnet. To deposit a mirror 
the rider was lowered to the bottom of the tube where 
a small sidearm was used to store a pellet of Te*, 
whereupon gentle heating caused a mirror to be de- 
posited on the inside of the rider. The thin front edge of 
the mirror so formed was then distilled away, leaving a 
uniformly thick mirror about 1 cm in length. The 
annular counter was used in conjunction with a counting 
tate meter, the output from this being fed into an 
automatic recorder. In this way the decrease in activity 
of the mirror due to radical attack was directly plotted 
against time, and the slope of this graph was therefore 
proportional to the rate of removal of the mirror. The 


iinet, 


"G. Ensell and S. C. Chatterjee, Rev. Sci. Instr. 22, 700 (1951). 
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initial slopes of these graphs were found to be straight 
lines which later became exponential curves after the 
initial activity had dropped to more than half its value. 
This was to be expected as the mirror would cease to 
remove all the radicals reaching it when its size was 
greatly diminished so that the initial slope was taken as 
representative of the radical concentration. The count- 
ing geometry was such that a displacement of the mirror 
by 0.5 cm either way from the plane of the annular 
counter did not materially affect the counting rate, so it 
would appear safe to assume that the decrease in 
counting rate of the mirror did represent the removal of 
an equivalent amount of tellurium from the mirror. 

Gomer and Kistiakowsky have suggested that the 
decrease in rate of removal of a mirror in the presence of 
NO in Forsyth’s work was due to a poisoning effect on 
the mirror by the NO. Using this radioactive technique, 
it was possible to follow the rate of removal of a mirror 
with no NO present, then admit NO for a time, cut it 
off, and see if the removal rate recovered its original 
value. It was found that the original rate was regained 
without any appreciable time lag and thus no poisoning 
could have occurred. : 

In order to show that the increase in mass flow 
through the tube caused by admittance of NO to the 
system did not upset the radical concentration, helium, 
which has a similar viscosity to NO and is inert, was 
admitted in place of NO. The rate of removal of a mirror 
was observed to be unaffected on introducing helium; 
therefore the decrease in removal rate of a mirror with 
NO is not caused by a diluting effect of the NO on the 
radical concentration. 

Although the absolute concentration of methyl radi- 
cals is not necessary in order to find the collision effi- 
ciency, it was nevertheless estimated, as all that is 
required to convert the decrease in activity of a mirror 
into amounts of tellurium removed is the specific 
activity of the tellurium as measured with the annular 
counter. In order to find this value the activity of a 
mirror deposited under normal operating conditions was 
measured using the annular counter, and then the rider 
was removed from the tube and the mirror dissolved in 
dilute nitric acid. An aliquot of this solution was then 
evaporated on a small watchglass under a heat lamp 
along with an aliquot of a standard solution of Te* 
prepared by weighing accurately about 50 mg Te’*, 
dissolving in dilute nitric acid and making up to known 
volume. Comparison of the two activities using standard 
B-particle counting technique then gave the amount of 
tellurium in the mirror and hence the counting rate per 
mg Te* as measured by the annular counter. The rates 
of removal of several mirrors were then found at a point 
in the tube immediately after measuring the specific 
activity of the Te* so that no decay correction was 
necessary. The average value of these determinations 
was then converted to moles tellurium removed per sec, 
and twice this value, when divided by the volume flow 
rate at that point in the tube, gave the concentration of 








R. 














TABLE I. 

Input rate NO Time of flight Rate of mirror 

Partial pressure at atmos pressure of radical removal 
of NO inmm Hg cc/sec sec X 108 counts/min/min 

0 0 9.02 960 

10.02 1000 

11.60 690 

12.96 520 


14.76 


0.019 0.00286 9.02 640 
10.02 460 

11.60 400 

12.96 290 

? 14.15 250 

14.76 240 

6.039 0.00604 9.02 686 
10.02 580 

* 11.60 350 

12.96 320 

14.76 200 

0.056 0.00859 9.02 600 
10.02 480 

11.60 400 

12.96 240 

14.15 160 

0.083 0.0127 9.02 460 
10.02 320 

10.77 335 

11.60 200 

12.96 170 

0.087 0.0134 9.02 500 
10.02 360 

10.77 200 

11.60 290 

12.96 125 

14.15 90 








radicals in moles per cc. It has been assumed that 
Te(CHs)2 is formed by the reaction of methyl radicals 
with tellurium at room temperature, as no trace was 
found of the red compound reported by Rice and 
Glazebrook’ to be (TeCH3)2, and obtained using heated 
mirrors. The concentration at a point in the tube 10.0 
millisec from the mouth of the furnace was found to be 
5.5X10-” mole of radicals per cc. Forsyth obtained a 
value of 1.94 10-" mole of radicals per cc 26.2 millisec 
from the furnace by determining the time required for 
removal of a mirror of known weight. These methods of 
estimating the radical concentration actually only give 
a lower limit to the value as very probably all the 
radicals in the gas stream are not removed on reaching 
the mirror. Miller and Winkler’ find this efficiency to be 
about 70 percent for methyl! with tellurium under their 
experimental conditions. 


RESULTS 


The flow rate of butyl peroxide vapor was determined 
by measuring the rate of evaporation of peroxide from a 
calibrated reservoir and converting this to the pressure 

8 F. O. Rice and A. L. Glazebrook, J. Am. Chem. Soc. 56, 2472 


(1934). 
9D. M. Miller and C. A. Winkler, Can. J. Chem. 29, 537 (1951). 
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of vapor in the reaction tube. The reaction tube was 1 
cm in diameter and was found to produce a pressure 
gradient of 0.003 mm per cm length, which meant the 
flow rate was changing appreciably along the tube. In 
order to correct for this, use was made of the following 
equation” to find the time required for a radical to 
traverse the distance between the mouth of the furnace 
and center of the mirror. 


X (Pi—P2)X? 
{=———____.. 


Vo 2VoPiL 
























X corresponds to the distance of the mirror center from 
the furnace mouth, at which point the pressure is P; and 
Vo is the flow rate. (P1— P2)/L is the pressure gradient 
along the reaction tube. 

The expansion effect on concentration pointed out by 
Gomer"! to be inherent in flow system has been calcu- 
lated for the flow conditions used in these experiments. 
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Fic. 1. Decrease in radical concentration along reaction tube for 
different partial pressures of nitric oxide. 






For a flow rate of 1100 cm/sec at the furnace the radical 
concentration would fall by 12 percent over the range ol 
actual concentrations measured. As these concentration 
changes are of the order of three to five times, no 
correction was made for expansion. 

The mirror removal rates obtained from the auto- 
matic recorder were plotted against the times required 
for a radical to reach the mirror for a series of NO 
partial pressures using semilogarithmic graph paper. 
These results are given in Table I and shown in graph 
form in Fig. 1. The slopes of these graphs, d/dt log[ CHs], 
were calculated by reading off the time required for the 
initial removal rate to fall to half its value 73, then 
substituting in the equation K=0.693/T3. Table II 
shows the values obtained for K from the slopes of the 
graphs in Fig. 1. As the concentration of NO is high 
compared with that of methyl, K is the apparent first- 
order reaction constant for a given partial pressure 0! 


10 F, Paneth and W. Lautsch, Ber. 64, 2708 (1931). 
1 R. Gomer, J. Chem. Phys..19, 284 (1951). 
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REACTION OF 
NO. The graph of K against NO pressure is then 
represented by the equation 
K=k’+k’ [NO], 


where k’ is the reaction constant for the normal decay of 
radicals along the tube and k” the reaction constant 
when NO is present. From Fig. 2 


k’=152 sect, 
k’’=1940 sec! per mm NO. 
The collision efficiency of methyl with NO is then given 
by 
Number of mols reacting 1.94 10®1X[CH; ] 
7 ZX(CHs] 
1.94 10° 
i. 1.3X 107 





Number of mols colliding — 


=1.5X10~, 


where Z is the collision frequency of a methyl radical 
with NO molecules at a pressure of 1 mm Hg. This 


TABLE II. 








Partial pressure 
of NO in mm Hg 


0 
0.019 
0.039 
0.056 
0.083 
0.087 











collision efficiency is higher than Forsyth’s value by a 
factor of about 10. 


THE RATE OF COMBINATION OF METHYL 
RADICALS 


Using the rotating sector technique in the pho- 
tolysis of acetone and dimethyl mercury, Gomer and 
Kistiakowsky obtain the value 4.47X10~* for so? 
where s is the steric factor for the recombination reaction 
of two methyl radicals and a is the collision diameter. 
Substituting 3.5A for the collision diameter of methy] as 
computed by Hill,” s is found to be 0.36. Dodd in- 
vestigated the intermittent photolysis of acetaldehyde 
and obtained a value for the rate constant of the 
bimolecular termination reaction which was presumed 


®T, L. Hill, J. Chem. Phys. 17, 1125 (1949). 
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Fic. 2. Effect of NO on reaction constant. 


to be recombination of methyls to give ethane, although 
reaction products were not identified. This rate constant 
was found to be between 10" and 10" cc M— sec in 
agreement with the value of 6X 10" cc M— sec quoted 
by Lucas and Rice for a similar investigation of the 
photolysis of acetaldehyde. Since the collision frequency 
of methy] radicals is 1.110" cc M~ sec, calculated 
using a value for o of 3.5A, it is apparent that the above 
results lead to a collision efficiency of between 1 and 0.1. 

The collision frequency of methy] with nitric oxide is 
calculated to be 2.210" cc M— sec, assuming 3.75A 
as a reasonable collision diameter for the reaction. 
Combining this with the value of 1.5X10~ for the 
collision efficiency obtained in this work, ke is found to 
be 3.310" cc M“ sec. Miller and Steacie found the 
ratio ky!/ke=3.1X10- so that &; is 1.110" cc M— 
sec—!. This result used in conjunction with the collision 
frequency evaluated earlier leads to a value of 0.01 for 
the collision efficiency of methyl combination. It has 
been pointed out to us by Dr. Gomer that the pressure 
obtained in our experiments is about 20 times lower than 
in Miller and Steacie’s, so one would expect some falling 
off in rate of the methyl-NO reaction owing to third- 
body effects. This means that the value of ke used in 
combination with Miller and Steacie’s value for k;}/ke 
is actually too low and hence the collision efficiency of 
0.01 so calculated would be a lower limit. 

Taking into account the lack of any real knowledge of 
the entity o and attaching reasonable weight to the 
results of Gomer and Kistiakowsky, Dodd, and Lucas 
and Rice, it would appear that all existing data are 
compatible with a value of between 0.5 and 0.05 for the 
collision efficiency of methyl combination. 
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Thermodynamic Properties of the Fluorine Atom and Molecule 
and of Hydrogen Fluoride to 5000°K* 
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California Institute of Technology, Jet Propulsion Laboratory, Pasadena, California 
(Received November 29, 1951) 


The evaluation of the thermodynamic functions C,°, S°, —(F°—E°)/T, and (H°— E»°)/T of the fluorine 
atom and molecule and of hydrogen fluoride from 100°K to 5000°K have been made by statistical calcula- 
tions from available spectral constants for the atom and for hydrogen fluoride; for fluorine the constants 
have been derived or estimated from the Raman shift in gaseous fluorine, the equilibrium internuclear dis- 
tance from electron diffraction measurements, and the heat of dissociation obtained recently by R. N. 
Doescher at this Laboratory. These results have been combined with the thermodynamic functions of hydro- 
gen to evaluate the heats and free energies of dissociation and dissociation constants for the equilibria 
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UANTITATIVE statistical calculations of the 
thermodynamic functions for the fluorine_mole- 
cule have not been possible heretofore because of the 
lack of sufficient spectral data. Fluorine does not ex- 
hibit banded absorption presumably because the upper 
potential curve is not sufficiently stable.' In addition, 
considerable uncertainty has been attached to the re- 
ported dissociation energies of fluorine with values ob- 
tained by many different and indirect methods ranging 
from 30.6 kcal mole? to 81 kcal mole *‘ so that only 
estimates of equilibria involving fluorine have been 
possible. Murphy and Vance,’ however, have made 
statistical calculations of the thermodynamic functions 
of fluorine and hydrogen fluoride to 2000°K. For 
fluorine they initially estimated a fundamental vibra- 
tion frequency of 856417 cm™ by Badger’s rule® 
making use of Brockway’s electron diffraction measure- 
ments of the internuclear distance of the atoms in 
fluorine of 1.45+0.05A.’ Subsequently, Butkow and 
Rozenbaum® have evaluated the thermodynamic func- 
tions of the fluorine molecule and atom and the equi- 
librium constant for the reaction F;—2F from 298.1°K 
to 5000°K using an estimated w°® of 907 cm™ and a 
D,® of 72.0 kcal mole. 

Garner and Yost? had previously observed no Raman 
lines in liquid fluorine and this approach to a quantita- 
tive evaluation of the first vibrational quantum ap- 
peared fruitless. Andrychuk, however, using recent im- 

* This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory under Contract No. DA-04- 
495ORD18, sponsored by the U. S. Army Ordnance Department. 

t Present address: Chemistry and Chemical Engineering Sec- 
tion, University of Michigan, Willow Run Research Center. 

1A, G. Gaydon, Dissociation Energies and Spectra of Diatomic 


Molecules (John Wiley and Sons, Inc., New York, 1947). 

2H. Schmitz and H. J. Schumacher, Z. Naturforsch. 2a, 359 

1947). 

,' 3 © H. D. Clark, Trans. Faraday Soc. 36, 370 (1940). 

4 J. H. Simons, et al., Fluorine Chemistry (Academic Press Inc., 
New York), Vol. 1. 

5 G. M. Murphy, and J. E. Vance, J. Chem. Phys. 7, 806 (1939). 

6 R. M. Badger, J. Chem. Phys. 2, 128 (1934), 3, 710 (1935). 

7L. O. Brockway, J. Am. Chem. Soc. 60, 1348 (1938). 

8K. V. Butkow and R. B. Rozenbaum, Zhur. Fiz. Khim. 24, 
706-31 (1950). 

9C. S. Garner and D. M. Yost, J. Am. Chem. Soc. 59, 2738 
(1938). 
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provements in light sources and photographic plates 
has found!® two weak Raman lines in an irradiated 
14-inch quartz tube containing gaseous fluorine corre- 
sponding to the two mercury lines 4047A and 4358A. 
The observed shifts were 891.4 cm™ and 892.8 cm“, 
respectively, from which a mean value for AG; of 
892.:+2 cm was derived. Murphy and Vance have 
subsequently revised their data on molecular fluorine 
to 2000°K" on the basis of this value for the first vibra- 
tional quantum and an improved value of 1.435A for 
the equilibrium internuclear distance from electron 
diffraction measurements of Rogers, Schomaker, and 
Stevenson.” 

Recently, at this Laboratory, Doescher™ has de- 
termined the heat of dissociation of fluorine to be 
37.7+0.4 kcal mole in the range of 759°K to 1115°K 
by direct equilibrium pressure measurements in a 
coated nickel tube. The results of the electron diffrac- 
tion, Raman, and dissociation measurements have now 
been combined to evaluate the thermodynamic func- 
tions C,°, S°, —(F°—E,°)/T, and (H°—E)°)/T of 
fluorine in the temperature interval from 100°K to 
5000°K for the rigid-rotator, harmonic oscillator di- 
atomic model to which the anharmonic contributions 
have been added for higher temperatures by the 
methods of Mayer and Mayer.“ For fluorine below 
1000°K and for hydrogen fluoride below 4200°K it is 
not possible to use the expanded form of Mayer's 
equation (7.42) for InQ., which they have defined as 
the difference between InQ,jm and the sum of InQ, and 
InQ;. The unexpanded equations used to evaluate con- 
tributions to the functions resulting from the an- 
harmonicity of vibration and the increase of moment of 
inertia with increasing v and j values, are summarized 
here because of their general utility between ambient 
temperature and temperatures at which hv/kiS 0.75 

10D. Andrychuk, J. Chem. Phys. 18, 233 (1950). 
1950) M. Murphy and J. E. Vance, J. Chem. Phys. 18, 1514 
' 3 Rogers, Schomaker, and Stevenson, J. Am. Chem. Soc. 63, 
2610 (1941). 

18 R. N. Doescher, J. Chem. Phys. 19, 1070 (1951). 


4 J, E. Mayer and M. G. Mayer, Statistical Mechanics (Joho 
Wiley and Sons, Inc., New York, 1940), first edition. 
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unexpanded anharmonic contributions can be shown, 
in the nomenclature of Mayer," to be 


-r/Rt=w] 9y+(—)+20(——) 
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in which u=hv/kT, o= Bhe/kT, xxx, y=o/u and 
6=6(y'x?— ). 

The anharmonicity constant, x, was evaluated to a 
first approximation for fluorine from its heat of dissocia- 
tion Dy and the usual relationships between Do, D., 
Wey Xewe, and AG; from which w, and x,w,. were calcu- 
lated to be 926 cm™ and 16.9 cm~, respectively, as- 
suming that AG is a linear function of v. A value for the 
anharmonicity constant x, for the next higher molecular 
weight halogen, chlorine, calculated from these rela- 
tionships agrees within 0.1 percent with that observed 
spectroscopically. The observed and calculated values 
for bromine and iodine, however, show considerably 
less agreement. 

Walsh!* had predicted a force constant for fluorine of 
4X 10° dynes cm™ in accord with Badger’s relationship 
and showed that higher values such as Gale and Monk’s 
value of 7.1105 dynes cm ¥* and Gordy’s valye for k 
of 7.93 dynes cm™! !” were in conflict with the similarity 
in properties of isoelectronic molecules. Using w,., as 
derived above from AG; and the experimental heat of 
dissociation of fluorine, and assuming a linear relation- 
ship between AG and 2, the force constant of fluorine 
was calculated to be 4.80 10° dynes cm“. 

The evaluation of the electron affinity AZ,° of 


(e"—1)" 































theoretical interest ; applying the Born-Haber cycle to 
the five alkali metal fluorides, AZ;° was estimated to 
be 841 kcal, whereas chlorine, bromine, and_ iodine 
have electron affinities evaluated by the same technique 
of 92.5 kcal, 87.1 kcal, and 79.2 kcal, respectively. 
Glockler, from an empirical relationship between ioniza- 
tion potentials and atomic number, had previously 
estimated somewhat lower values of AE,° for fluorine 
and chlorine ; he reported an electron affinity for fluorine 
“A.D, Walsh, J. Chem. Soc. 331 (1948). 


’H. G. Gale and G. S. Monk, Astrophys. J. 69, 77 (1929). 
"W. Gordy, J. Chem. Phys. 14, 305 (1946). 
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(ie., <1000°K for F, and <4200°K for HF). These 


fluorine from its new heat of dissociation is also of 
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of 89.9 kcal and 85.3 kcal for chlorine.'* This latter 
value has been confirmed by McCallum and Mayer 
who have obtained a value of 85.8 kcal for chlorine 
experimentally.!® Direct determinations of the electron 
affinity of other halogens by this technique have yielded 
an electron affinity for bromine of 80.5 kcal,” and an 
electron affinity for iodine of 72.4 kcal.*! There is nearly 
a constant difference between the affinities obtained 
from the Born-Haber cycle and the results from meas- 
urement of the ion current of the dissociated halogens, 
the difference being 6.66, 6.60, and 6.80 kcal for chlorine, 
bromine, and iodine. On this basis the electron affinity 
of fluorine might be expected to be still lower than the 
Born-Haber cycle calculation indicates, e.g., 84.0, —6.70 
or 77.0 kcal or 7 kcal lower than chlorine and 3-4 kcal 
lower than bromine. At first hand the value of AE,° 
(and of Do°) appears unexpectedly low; however, not 
all of the properties of the halogens show continuous 
progression. The change in physical properties is often 
greatest in passing from chlorine to fluorine. The inter- 
nuclear distance changes 0.554A in going from fluorine 
to chlorine while the differences between chlorine- 
bromine, and bromine-iodine are only 0.295A and 
0.383A, respectively. Similarly, the force constant in- 
crements, using the presently proposed value for 
fluorine (0.48 md cm-*), are 0.07, 0.08, and 0.15 md cm 
for iodine-bromine, bromine-chlorine, and chlorine- 
fluorine, respectively. Such progressions are not pecu- 
liar to the Group VII elements; the properties of the 
Group V and the Group VI elements have physical 
properties which also exhibit irregularities. The inter- 
nuclear distances in diatomic tellurium and selenium 
differ by 0.40A, in selenium and sulfur by 0.30A, but in 
sulfur and oxygen by 0.72A. 

The dissociation (or bond) energy increments be- 
tween elements in the first and second periods show a 
progression on going from Group IV to VII which indi- 
cates that a dissociation energy (and hence AZp;°) for 
fluorine less than chlorine is tenable. The increments are 
based on the bond energies of Skinner” with the excep- 
tion of that for the N—N bond, which has been in- 
creased from 43 kcal to 60 kcal,” and on a heat of sub- 
limation of carbon of 170 kcal. For Groups IV, V, VI, 
and VII, the bond energy differences progress from 
+33.7, to +13, —2, and —23 kcal on subtracting the 
second period elements’ properties from the first. 

Physical constants used in the calculations of func- 
tions are from Dumond and Cohen.™ The atomic 


18 G. Glockler, Phys. Rev. 46, 111 (1934). 

(1943). J. McCallum and J. E. Mayer, J. Chem. Phys. 11, 56 
20 Pp. M. Doty and J. E. Mayer, J. Chem. Phys. 12, 323 (1944). 
2 P. P. Sutton and J. E. Mayer, J. Chem. Phys. 3, 20 (1935). 
® H. A. Skinner, Trans. Faraday Soc. 41, 645 (1945). 
3M. Szwarc, Proc. Roy. Soc. (London) A198, 267 (1949). 

4 J. W. M. Dumond and E. R. Cohen, “A Least Squares Ad- 
justment of the Atomic Constants as of December 1950. A Report 


- to the National Résearch Council Committee on Constants and 


Conversion Factors of Physics.” California Institute of Tech- 
nology, Pasadena, 1951 (privately printed). 
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TABLE I. Thermodynamic functions of the fluorine molecule. 































































Cp® S° —(F°—Ho)/T (H®°—Ho°) /T 
cal mole! cal mole~! cal mole! cal mole~! 
T°K deg! deg™! deg! deg™! 

100 6.9568 40.756 33.804 6.9499 

200 7.0969 45.604 38.630 6.9789 

298.16 7.4870 48.506 41.432 7.0785 

300 7.4950 48.553 41.475 7.0812 

400 7.8947 50.761 43.534 7.2363 

500 8.1998 52.562 45.165 7.4001 

600 8.4204 54.077 46.527 7.5528 

700 8.5813 55.388 47.702 7.6888 

800 8.7023 56.272 48.737 7.8048 

900 8.7962 . See 49.673 7.9131 
1000 8.8716 58.504 50.503 8.0053 
1100 8.9339 59.352 51.269 8.0869 
1200 8.9868 60.131 51.976 8.1598 
1300 9.0328 60.852 52.632 8.2251 
1400 9.0737 61.524 53.243 8.2842 
1500 9.1108 62.151 53.818 8.3383 
1600 9.1448 62.741 54.357 8.3876 
1700 9.1765 63.296 54.866 8.4331 
1800 9.2062 63.821 55.349 8.4752 
1900 9.2295 64.320 55.808 8.5144 
2000 9.2617 64.794 56.247 8.5512 
2100 9.2874 65.246 56.665 8.5856 
2200 9.3125 65.679 57.065 8.6180 
2300 9.3369 66.094 57.449 8.6487 
2400 9.3608 66.496 57.816 8.6779 
2500 9.3841 66.874 58.171 8.7058 
2600 9.4071 67.243 58.516 8.7324 
2700 9.4257 67.597 58.846 8.7576 
2800 9.4526 67.941 59.161 8.7820 
2900 9.4739 68.273 59.471 8.8055 
3000 9.4957 68.595 59.769 8.8282 
3100 9.5171 68.906 60.062 8.8501 
3200 9.5385 69.208 60.341 8.8711 
3300 9.5596 69.503 60.614 8.8917 
3400 9.5807 69.792 60.881 8.9117 
3500 9.6012 70.067 61.139 8.9312 
3600 9.6217 70.338 61.392 8.9501 
3700 9.6431 70.601 61.638 8.9684 
3800 9.6636 70.859 61.877 8.9864 
3900 9.6842 71.111 62.109 9.0041 
4000 9.7046 71.356 62.337 9.0215 
4100 9.7251 71.595 62.560 9.0384 
4200 9.7454 71.830 _ 62.780 9.0548 
4300 9.7656 72.060 62.992 9.0711 
4400 9.7860 72.284 63.201 9.0872 
4500 9.8060 72.505 63.406 9.1030 
4600 9.8262 72.721 63.604 9.1186 
4700 9.8462 72.931 63.803 9.1336 
4800 9.8662 73.139 63.992 9.1488 
4900 9.8863 73.343 64.184 9.1637 
5000 9.9063 73.542 64.369 9.1783 




















weights are from Mattauch and Fluegge.”> The separa- 
tion of the ?P3 and *P; terms in the fluorine atom was 
taken to be 404 cm™;*27 the contribution of the next 
energy level to the internal partition function can be 













28 J. Mattauch and S. Fluegge, Nuclear Physics Tables (Inter- 
science Publishers, Inc., New York, 1946). 

% B. Edlen, Physik 98, 453 (1936). 

27 C. E. Moore, “Atomic Energy Levels, Vol. I: The Spectra of 
Hydrogen, Deuterium, Tritium, Helium, Lithium, Beryllium, 
Boron, Carbon, Nitrogen, Oxygen, Fluorine, Neon, Sodium, Mag- 
nesium, Aluminum, Silicon, Phosphorous, Sulfur, Chlorine, Argon, 
Potassium, Calcium, Scandium, Titanium, and Vanadium, ro. S. 
Natl. Bur. Standards, Circ. No. 467, U. S. Gov't. Printing Office, 
Washington, D. C. (June 15, 1949). 











TABLE II. Thermodynamic functions of the fluorine atom. 
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shown to be negligible at temperatures considerably in 
excess of 5000°K. The spectral constants for hydrogen 
fluoride, w.=4138.52 cm™, w.x.-=90.069 cm, w,y, 
=0.980 cm, B,= 20.939 cm, and a=0.771 cm™ are 
those summarized by Herzberg.** The contributions 
of nuclear spin to the entropy and free energy function 
have not been included in the reported values of the 
entropy and free energy function. The perfect gas ther- 
modynamic functions for the fluorine molecule and atom 














Cp S? —(F°—E»°)/T (H°—E)/T 
cal mole~! cal mole~! cal mole~! cal mole-1 

T°K deg! deg deg“ deg™ 
100 5.068 32.132 27.147 4.985 
200 5.403 35.755 30.641 5.120 
298.16 5.436 37.933 32.707 5.224 
300 5.435 37.966 32.739 5.225 
400 5.361 39.521 34.250 5.269 
500 5.282 40.708 35.428 5.280 
600 5.220 41.663 36.388 S205 
700 S171 42.464 37.198 5.264 
800 5.134 43.152 37.902 5.250 
900 5.108 43.755 38.520 5.235 
1000 5.084 44.292 39.071 5.271 
1100 5.067 44.776 39.567 5.208 
1200 5.053 45.216 40.020 5.196 
1300 5.042 45.620 40.435 5.184 
1400 5.033 45.993 40.818 5.174 
1500 5.025 46.340 41.177 5.164 
1600 5.019 46.664 41.509 5.1595 
1700 5.014 46.968 41.821 5.147 
1800 5.009 47.255 42.114 5.139 
1900 5.005 47.525 42.393 5.133 
2000 5.002 47.782 42.656 5.126 
2100 4.999 48.027 42.906 5.120 
2200 4.996 48.259 43.144 5.115 
2300 4.994 48.480 43.371 5.109 
2400 4.992 48.692 43.588 5.104 
2500 4.990 48.897 43.800 5.100 
2600 4.989 49.092 43.996 5.096 
2700 4.987 49.281 44.189 5.092 
2800 4.986 49.462 44.375 5.088 
2900 4.985 49.637 44.552 5.084 
3000 4.984 49.805 44.723 5.081 
3100 4.983 49.969 44.890 5.078 
3200 4.982 50.128 45.053 5.075 
3300 4.981 50.281 45.206 5.072 
3400 4.980 50.429 45.359 5.069 
3500 4.980 50.574 45.506 5.067 
3600 4.979 50.714 45.650 5.064 
3700 4.978 50.850 45.789 5.062 
3800 4.978 50.984 45.921 5.060 
3900 4.977 51.113 46.056 5.058 
4000 4.977 51.239 46.180 5.056 
4100 4.977 51.361 46.307 5.054 
4200 4.976 51.481 46.428 5.052 
4300 4.976 51.597 46.549 5.050 
4400 4.975 51.713 46.666 5.048 
4500 4.975 51.825 46.778 5.047 
4600 4.975 51.934 46.889 5.045 
4700 4.975 52.041 46.996 5.044 
4800 4.974 52.145 47.104 5.042 
4900 4.974 52.248 47.200 5.041 
5000 4.974 52.348 47.306 5.040 








% G. Herzberg, Molecular Spectra and Molecular Structure |. 
Spectra of Diatomic Molecules (D. Van Nostand Company, Inc, 
New York, 1950), second edition. 
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PROPERTIES OF F, F; 


and for monomeric hydrogen fluoride from 100°K to 
5000°K are summarized in Tables I, II, and ITI. 

The equilibrium constants for the reactions F,—2F, 
HF=—3H.+3F., and HF=H-+F have been calculated 
using the free energy functions from Tables I to III 
inclusive and the dissociation energies, AE °, of 35.3 
kcal mole, 64.22 kcal mole, and 133.5, kcal mole; 
the free energy function for molecular hydrogen was 
derived from the work of Woolley, Scott, and Brick- 
wedde”® from which the contribution for nuclear 
spin was removed by adding R In4 to the values of 
(F°— Eo°)/T. The equilibrium constants for the several 
reactions derived from these functions and the above 
dissociation energies are summarized in Table IV with 
the heats of reaction indicated as quotients with tem- 
perature for the sake of tabulation convenience. 

Murphy**! has proposed an interpolation equation 
for the free energy function which is useful at tempera- 
tures other than those recorded in Tables I, II, ITI, and 
IV. Constants for the equation, which may be readily 
differentiated to obtain the other functions, 


— (F°— E,y°)/T=a/T+b InT+cT+dT?+eT*+j 


are tabulated in Table V for H2 from the data of Scott, 
Woolley, and Brickwedde,”’ and for F2, F, and HF from 
the results herein reported. The maximum error in the 
free energy function for molecular hydrogen amounts 
to 0.030 cal mole“ deg at 500°K being progressively 


less in going to higher and lower temperatures so that 
at 300°K and 800°K the error is only 0.002 cal mole 
deg and 0.008 cal mole deg, respectively; at 
1000°K the error is 0.001 cal mole deg. The maxi- 
mum error in the free energy function for the fluorine 
molecule and atom calculated from the interpolation 
equations are 0.035 cal mole! deg and 0.007 cal 
mole deg, respectively; that for hydrogen fluoride 
has a maximum error of .030 cal mole! deg at 500°K. 

The value of AE,° for the dissociation reaction of 
hydrogen fluoride into the atoms was evaluated from 
the new heat of dissociation of fluorine and the best 
available heats of formation of HF (64.22 kcal mole)” 
and of H (103.24 kcal mole~)® to be 133.5 0.2 kcal 
mole; this value falls well below the upper limit of 
138 kcal mole obtained by the usual Birge-Sponer 
plot from the first five vibrational levels of the ground 
state of HF. Such a low value of the Do® of HF (5.833 ev) 
does not invalidate the conclusions of Glockler with 
respect to the NH heat of dissociation of 3.74 ev.** The 
constants for his empirical relationship for Do® have 
been re-evaluated using the new heat of dissociation of 
fluorine and the Do° of NH was calculated to be 3.77 ev 

* Woolley, Scott, and Brickwedde, J. Research Natl. Bur. 
Standards 41, 379-475 (1948). 


. G. M. Murphy, J. Chem. Phys. 5, 637 (1937). 
11935) M. Murphy and J. E. Vance, J. Chem. Phys. 7, 808 

"Ff. D. Rossini, et al., “Selected Values of Chemical Thermo- 
dynamic Properties,” U. S. Natl. Bur. Stnds. U. S. Gov’t. Print- 
ing Office, Washington, D. C., (Dec. 31, 1947). 

* G. Glockler, J. Chem. Phys. 16, 602 (1948). 
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TaBLe III. Thermodynamic functions of hydrogen fluoride. 











P S° —(F°—E)/T (H°—Ep°) /T 
cal mole~! cal mole~! cal mole™! cal mole~! 
deg=! deg=! deg! deg 


6.961 33.974 27.162 6.757 
6.959 38.745 31.884 6.859 
6.960 41.526 34.629 6.893 
6.960 41.569 34.670 6.894 
6.961 43.573 36.655 6.912 
6.973 45.127 38.202 6.923 
6.987 46.399 39.495 6.933 
7.015 47.479 40.536 6.942 
7.063 48.418 41.462 6.954 
7.129 49.254 42.286 6.970 
7.210 50.011 43.021 6.990 


7.304 50.702 43.687 7.014 
7.401 51.340 44.281 7.043 
7.503 51.936 44.842 7.075 
7.604 52.495 45.386 7.108 
7.703 52.925 45.881 7.144 
7.798 53.524 46.342 7.182 
7.886 54.001 46.779 7.221 
7.974 54.453 47.193 7.260 
8.054 54.887 47.586 7.300 
8.129 55.302 47.962 7.340 


8.1994 55.683 48.317 7.366 
8.264 56.082 48.664 
8.326 56.452 48.997 
8.383 56.808 49.314 
8.436 57.148 49.535 
8.486 57.482 49.915 
8.532 57.802 50.202 
8.576 58.116 50.481 
8.617 58.416 50.748 
8.656 58.709 51.009 


8.691 58.979 51.246 
8.727 59.270 51.507 
8.760 59.538 51.747 
8.790 59.802 51.980 
8.819 60.058 52.208 
8.847 60.306 52.429 
8.874 60.547 52.645 
8.899 60.785 52.856 
8.923 61.017 53.063 
8.946 61.242 53.264 


8.969 61.465 53.461 
8.990 61.681 53.655 
9.011 61.893 53.844 
9.028 62.100 54.030 
9.045 62.304 54.211 
9.066 62.501 54.387 
9.084 62.697 54.562 
9.102 62.888 54.735 
9.119 63.076 54.902 
9.135 63.260 55.068 





7.924 
7.954 
7.979 


8.002 
8.026 
8.048 
8.070 
8.092 
8.113 
8.134 
8.154 
8.174 
8.192 


4600 
4700 
4800 
4900 
5000 








which value is in close agreement with that derived 
from the N—H bond energy by Cole and Gilbert™ from 
the heat of dissociation of hydrazine as reported by 
Szwarc.* 

The complete thermodynamic properties of chlorine 
monofluoride would be known if a reliable heat of forma- 
tion for this interhalogen was available. The values of 
AH; reported to date range from — 27.4 kcal mole *°-*7 

* Leland G. Cole and E. C. Gilbert, J. Am. Chem. Soc. 75, 
5423 (1951). 

(193 iy Ruff and W. Menzel, Z. anorg. u. allgem. Chem. 198, 375 


% ©. Ruff, Z. angew. Chem. 42, 806 (1929). 
37 Q, Ruff andF. Laass, Z. anorg. u. allgem. Chem. 183, 214 (1929). 
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TABLE IV. Heats, free energies and equilibrium constants for the dissociation reactions of HF and F>. 














HF—$H2+4F2 HF=H+F Fx—2F 
Tem Put Prt PuPr Py? 
ok AH9/T AF°/T K =——__ AH?°/T AF°/T K= AH?°/T AF°/T K=— 
Pur Pur Pr: 
298.16 215.43 217.09 3.590X10- 451.16 427.36 4.544«K10—™" 122.06 94.712 1.998 X 107! 
300 214.11 215.77 6.980X10- 448.42 424.59 1.831X10-% =: 121.34 93.967 2.908 X 10-7! 
400 160.67 162.23 3.512X10-*% 337.16 312.36 6.175 x 10-*8 91.777 63.509 1.319X 10-" 
500 128.65 130.08 3.719X10-® 270.39 245.48 2.239 10-4 73.940 45.089 1.399 X 10-” 
600 107.31 108.66 1:789X10- 225.87 199.77 2.194 10-“ 61.980 32.734 7.019X 1077 
700 92.097 93.296 4.07810?! 196.48 167.44 2.554 10-37 53.396 23.863 6.095 X 10-* 
800 80.683 81.776 1.343xX10"% 170.18 143.15 5.187 X 10-2 46.933 17.171 1.767 10- 
900 71.814 72.804 1.227K10"*% 151.60 124.22 7.097 X 10-8 41.879 11.955 2.439 X 10-3 
1000 64.716 65.621 4.55810 136.74 109.05 1.47210 37.827 7.7510 2.023107 
1200 54.066 54.804 1.054X10-" 114.40 86.198 1.451 10-9 31.724 1.4280 4.874107 
1400 46.454 47.088  5.11810~" 98.416 69.842 5.447 X 10-6 27.342 —3.1150 4.812 
1600 40.736 41.277 9.528«10~ 86.400 57.520 2.686 X 10-8 24.041 —6.5422 2.69010! 
1800 36.321 36.747 9.312*10~° 77.072 47.907 3.388 X 10-!! 21.464 —9.2181 1.034 10° 
2000 32.755 33.114 5.794108 69.562 40.193 1.644 10~° 19.396 — 11.370 3.055 X 10? 
2500 26.285 26.474 1.63810 55.952 26.161 1.91710 15.650 — 15.273 2.177 X 10° 
3000 21.993 22.172 1.427<*10-5 46.861 16.904 2.022 10-4 13.131 — 17.880 8.085 X 10 
3500 18.927 19.027 6.947x10-5 40.339 10.195 5.915 10-3 11.314 — 19.762 2.084 X 10! 
4000 16.630 16.657 2.290104 35.429 5.1438 7.513107? 9.9380  —21.175 4.245 X 104 
4500 14.848 14.808  5.804x10-! 31.597 1.1974 5.474x107 8.8550 —22.286 7.424X 10* 
5000 13.431 13.323 1.225x10-3 28.523 —1.9640 2.687 7.9797 — 23.165 1.155 105 






































to —11.6 kcal mole.® The energy of dissociation of 
fluorine may be combined with the results of Wahraftig’s 
studies on the \4800 band system of CIF* and the dis- 
sociation energy of normal chlorine® to yield the heat 
of formation of CIF directly. The dissociation products 
of CIF are first taken to be Cl(?P3) and F(*P);%* the 


reactions may be written: 
AH,° (kcal mole) 


CIF=Cl?P))+F (?P}) 61.472 
F?P,)=F(P)) — 1.16 
F=4F, —17.7+0.2 
and 
Cl=}Cl. — 28.61 


from which AE,’ for the formation of CIF is —14.0+0.2 
kcal mole—!. Had the dissociation been to normal atoms 
(for Do°(CIF) = 2.666 ev), AH;°(CIF) would be 15.20.2 
kcal mole~!. Similarly, had the dissociation products 
consisted of an excited chlorine atom and an unexcited 
fluorine atom‘? the —AH;°(CIF) would be 12.6+0.2 
kcal mole~!. Schmitz and Schumacher have reported a 
value of —AH;°® for CIF of 15.0+0.5 kcal mole at 
18°C from calorimetric determinations of the heats of 
two reactions.“ The heat of reaction of fluorine and 
sodium chloride was measured by them and found to be 
39.5+0.5 kcal mole, which value is in excellent agree- 
ment with an earlier value for this reaction.” This value 


et Wicke, Nachr. Akad. Wiss. Gottingen, Math.-physik. KI., 
, 89. 

39 AL. Wahraftig, J. Chem. Phys. 10, 248 (1942). 

40 R. A. Durie, Proc. Roy. Soc. A207, 388 (1951). 

41H, Schmitz and H. J. Schumacher, Z. Naturforsch 2a, 362 
(1947). 

“2H. V. Wartenberg and H. Fitzner, Z. anorg. u. allgem. Chem. 
151, 313 (1926). 


was combined with the heat of reaction of chlorine 
monofluoride with sodium chloride which they had de- 
termined to be 24.5 within 0.2 kcal mole. Schmitz and 
Schumacher’s result has been combined* with the free 
energy and heat content functions for fluorine from this 
paper, for chlorine monofluoride from the recent work 
of Potter up to 2000°K, and for chlorine to yield the 










TaBLE V. Constants for interpolation equations of the form 
— (F°—E,°)/T = (a/T) +b InT+dT?+eT*+j. 






















HF Fe F He 
a —2.17217 X10? 3.85319 K102 1.91510 X10! —1.462467 X10* 
b 6.16936 7.986085 5.39394 6.289966 
c 6.24534 X1074 4.80248 X10-* —1.85666 X10-¢ 5.207196 X107! 
d —2.28325 X10" —2.6403 X1077 1.37835 X10-§ —5.152480 X10" 
e 0.00000 0.00000 0.00000 — 1.036496 X10 
j 0.020084 —5.50214 1.96369 —11.079834 














heat and free energy changes for the dissociation reac- 
tions of chlorine fluoride 


CIF=1F,+4Cl, 







and 





CIF=F+C1; 


the AE,° for the dissociation to atoms was taken to be 
61.31 kcal mole. At 298.16°K the heats of dissocia- 
tion were assumed to be the same as at 0°K within the 
limits of error of the experimental heats of reaction 
involved and the free energy changes were calculated to 
be 15,363 cal mole“ and 54,687 cal mole-, respectively: 









8 Leland G. Cole and G. W. Elverum, Jr. (unpublished dats 
from a paper in preparation on the thermodynamic properties © 
the interhalogens). 
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Iodide, and Cyanide* 
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The pure rotational spectra of trifluoromethyl bromide, iodide, and cyanide have been studied in the 
microwave region. The By values in Mc/sec were determined as follows: 2098.06 for CF;Br”; 2078.50 for 
CF;Br*; 1523.23 for CF3I; 2945.535 for CFsCN"; 2855.859 for CF;CN". The nuclear quadrupole couplings, 
eQq, are in Mc/sec: 619 for Br®; 517 for Br®*!; —2150 for I’; —4.70 for N'*. With any reasonable assumption 
of bond angles, dcr is found to be 1.330.015A in each molecule. The other distances depend more strongly 
on the assumption of the bond angles. With 7 FCF assumed to be 108°+1°, as suggested from other similar 
molecules, the values, dcpr=1.91+0.02A, dco1=2.14+0.02A, doc=1.46+0.02A, are obtained, where the 
additional assumptions dcr= 1.332A for CF3I and den =1.158A for CF3;CN are made. 





INTRODUCTION 


NTERATOMIC distances in fluorocarbon deriva- 
tives are of special interest from the viewpoint of 
structural theory, and a number of such compounds 
have been studied by electron diffraction! and by spec- 
troscopy.” The symmetric top molecules in which a CF; 
group is joined to another atom or axially symmetric 
group are especially suited to study by means of their 
pure rotational spectra in the microwave region, and 
investigations of this type have already been reported 
for CF3H,? CF;Cl,* and CF;CCH.° The present paper 
isa fuller account of microwave studies of CF;Br, CF3I, 
and CF;CN which were briefly described in a prelimi- 
nary publication.® No structural information has previ- 
ously been available for these molecules. 


EXPERIMENTAL 


The trifluoromethyl bromide and iodide were the 
gift of Imperial Chemical Industries, Ltd., General 


Chemical Division, England, and are gratefully ac- 
knowledged. About 10 g of each was distilled at low 
pressure and the center fractions used. 

Trifluoromethyl cyanide was prepared as described 
by Gilman and Jones’ and similarly fractionated. The 
CF;CN” was made by the same means, using ammonia 
containing 7.5 atom percent of N™. 

The microwave measurements were ‘made with a 
video sweep spectroscope® at —70° and gas pressures 
of about 10-* mm. Frequencies were measured with a 
frequency standard monitored with station WWV. 


RESULTS 


The unperturbed frequencies of the indicated transi- 
tions are given in Table I, with the values of By, moment 
of inertia Jp, distortion coefficients Dy and D;x, and 
nuclear quadrupole coupling factors (eQg) for the 
bromine, iodine, and N™ nuclei. The results for CF;Br 
are in close agreement with those obtained by Shar- 


TABLE I, Spectral constants. 








Unperturbed 
frequency 
Mc/sec 
+0.1 Mc/sec 


Bo 
Mc/sec 


Molecule J-J' 


Ip* 
g cm? Dy 
x<10-“ ke/sec 


Dyk 
kc/sec 





2098.06 


CF;Br? 1011 46,157.41 


45,726.89 
30,464.6 

35,346.03 
47,127.74 


34,269.81 
45,692.94 


2078.50 
1523.23 


CF;Br®! 10-11 


CF,[27 9-10 
5-6 
7-8 
5-6 
7-8 


CF;CN™ 2945.535 


CF;CN* 2855.859 


399.847 0 1.26 
(assumed) 

403.612 1.22 
(assumed) 

550.741 0 0.6 


(assumed) 
284.806 0.4 5.8 


293.749 0.4 5.6 








“The value of Planck’s constant was taken as 6.62373 X107%7 erg sec and 1 a.m.u. as 1.65972 X10-* g (J. W. M. Dumond and E. R. Cohen, Revs. 


Modern Phys. 21, 651 (1949)). 
LT 


*The research reported in this paper has been sponsored by the Geophysical Research Directorate of Air Force Cambridge Re- 


search Laboratories under Contract No. W19-122-ac-35. 


Present address: Department of Chemistry, University of Birmingham, Birmingham 15, England. 


'P. W. Allen and L. E. Sutton, Acta Cryst. 3, 46 (1950). 


*G. Herzberg, Infrared and Raman Spectra, (D. Van Nostrand Company, Inc., New York, 1945), p. 322. 


* Gilliam, Edwards, and Gordy, Phys. Rev. 75, 1014 (1949). 
‘D. K. Coles and R. H. Hughes, Phys. Rev. 76, 858 (1949). 


* Anderson, Trambarulo, Sheridan, and Gordy, Phys. Rev. 82, 58 (1951). 


J. Sheridan and W. Gordy, Phys. Rev. 77, 292 (1950). 
H. Gilman and R. G. Jones, J. Am. Chem. Soc. 65, 1458 (1943). 
*W. Gordy and M. Kessler, Phys. Rev. 72, 644 (1947). 
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TABLE II. Observed and calculated hyperfine structure for the 
J=10-—11 transition of CF;Br7. Frequencies are calculated with 
Bo=2098.064 Mc/sec, Ds=0 kc/sec, Dsx=1.26 kc/sec, and 
eQqg= +619 Mc/sec. 








Transition Calc frequency Obs frequency 


F=F’ Mc/sec c/sec 


21/2-923/2 46,188.03 46,187.96 
19/2-921/2 46,182.76 46,182.44 
21/2-»23/2 46,181.44 46,181.24 
19/2-»21/2 46,178.16 46,177.98 
21/2-+23/2 46,175.61 46,175.44 
19/2-~21/2 46,174.06 46,173.94 
21/2-»23/2 46,170.5 
19/2-321/2 1¢'17090 46,170.44 
19/2-921/2 46,167.28 46,167.24 
21/2-923/2 46,166.30 46,166.14 
19/2-421/2 46,164.62 46,164.58 
21/2-423/2 46,162.81 46,162.68 
19/2-»21/2 46,162.25 46,162.40 
19/2-921/2 46,160.74 46,160.70 
21/2-423/2 46,160.08 46,160.02 
19/2-921/2 46,159.53 46,159.50 
19/2-921/2 46,158.80 46,158.80 
19/2-~21/2, 46,158.52 46,158.56 
21/2-+23/2 46,158.14 
17/2-419/2 erry 46,158.06 
21/2-028/2 46,156.98 46,156.98 
23/2-+25/2, 46,156.59 
17/2-19/2 seise72 46,156.00 
23/2-925/2 46,156.28 46,156.28 
23/2425 /2 46,155.33 46,155.32 
17/2-»19/2 46,154.41 46,154.28 
23/2-425/2 46,153.76 46,153.72 
23/2-925/2 46,151.56 46,151.52 
17/2-319/2 46,151.18 46,151.04 
23/2-425/2 46,148.72 46,148.76 
17/2-+19/2 46,147.03 46,146.92 
23/2-+25/2 46,145.24 46,145.34 
17/2-+19/2 46,141.95 46,141.80 
23/2-325/2 46,141.15 46,141.18 
23/2-425/2 46,136.42 46,136.42 
17/2-+19/2 46,135.95 46,135.84 
46,130.54 
46,128.96 
46,121.20 





17/2-+19/2 


21/2-23/2 


23/2-25/2 46,131.05 
17/2-19/2 46,129.04 
17/2-19/2 46,121.19 


CHOSNMOHNIAAUUE PWWNE NOE RE NORE NWWHEEUUANAWMUWUOCHOOCO! FH 








baugh, Pritchard, and Madison® from the J=4—5 and 
J =5—6 transitions. 

The hyperfine structures calculated using these values 
of Dyx and eQq are compared with the observed fre- 
quencies in Tables II-VI. 

Table VII gives some combinations of structural 
parameters which are in accord with the observed mo- 
ments of inertia. Microwave measurements on different 
isotopically substituted molecules are desirable in order 
that a final choice of parameters can be made. While we 
hope, with somewhat improved sensitivity, to observe 
spectra for CF;CN containing C* in natural concentra- 
tion, spectra for different isotopic combinations in the 
other substances are only likely to be observed after 
difficult isotopic enrichments. 


DISCUSSION 
CF;Br and CF;I 


To obtain the molecular structures it is at present 
necessary to assume one parameter for CF;Br and two 


®Sharbaugh, Pritchard, and Madison, Phys. Rev. 77, 302 
(1950). 
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parameters for CF3I. The results are fairly sensitive to 
the value of Z FCF assumed, and while this angle js 
known for fluoroform both from electron diffraction and 
from microwave spectroscopy, there are no similar 
results for CF;Br, CF3I, or CF;CN. 

In fluoroform, Z FCF has been found from microwave 
studies by Ghosh, Trambarulo, and Gordy” to be 
108° 48’+45’ and the CF distances as 1.332+0.008A. 
These results are in agreement with a recent reinvestiga- 
tion of CF;H by electron diffraction using the rotating 
sector method." 

In CF; derivatives we might expect ZFCF to be 
nearly the same as in CF3;H, or perhaps somewhat 
smaller on account of the substitution of a larger group 
in place of the hydrogen atom. This, however, is by no 
means certain, since if F is substituted for H in CF;H 
ZFCF must clearly increase to 109° 28’; but steric 


TABLE III. Observed and calculated hyperfine structure for the 
J=10-—11 transition of CF;Br®!. Frequencies are calculated with 
By=2078.495 Mc/sec, Ds=0 kc/sec, Dyx=1.22 kc/sec, and 
eQg=+517 Mc/sec. 








a 


FF’ 


Calc frequency 


c/sec 


Obs frequency 


c/sec 





om 


— 


9 
0 
8 
9 
7 
8 
6 
7 
6 
5 
5 
4 
4 
3 
3 
2 
1 
0 
0 
1 
2 
1 
0 
0 
2 
1 
Zz 
3 
3 
4 
4 
5 
5 
6 
6 
7 
8 
7 
9 
8 
0 
9 


21/2—423/2 
19/2-421/2 
21/2-323/2 
19/2-21/2 
21/2-423/2 
19/2-21/2 
21/2-323/2 
19/2-21/2 
19/2-421/2 
21/2-323/2 
19/2-21/2 
21/2-323/2 
19/2-21/2 
19/2-421/2 
21/2-423/2 
19/2-+21/2 
19/2-421/2 
19/2-321/2 
17/2-19/2 
17/2-319/2 
21/2-423/2 
21/2-423/2 
23/2-425/2 
21/2-323/2 
17/2-419/2 
23/2-325/2 
23/2-325/2 
17/2-19/2 
23/2-325/2 
23/2-325/2 
17/2-419/2 
23/2-425/2 
17/2-+19/2 
23/2-325/2 
17/2-419/2 
23/2-325/2 
23/2-325/2 
17/2-+19/2 
23/2-25/2 
17/2-19/2 
23/2-425/2 
17/2-19/2 


45,752.19 
45,747.72 
45,746.73 
45,743.95 
45,741.93 
45,740.57 
45,737.66 
45,737.59 
45,735.01 
45,734.24 
45,732.84 
45,731.36 
45,730.89 
45,729.66 
45,729.11 
45,728.66 
45,728.06 
45,727.87 | 
45,727.87 
45,727.48 
45,727.50 
45,726.54 
45,726.23 
45,726.23 
45,726.31 
45,725.96 
45,725.16 
45,724.37 
45,723.83 
45,721.96 
45,721.65 
45,719.56 
45,718.14 


45,716.61 , 


45,713.86 
45,713.14 
45,709.14 
45,708.80 
45,704.60 
45,702.97 
45,699.53 
45,696.36 


45,752.20 
45,747.52 
45,746.74 
45,743.94 
45,741.90 
45,740.64 
45,737.66 
45,737.56 
45,735.00 
45,734.22 
45,732.88 
45,731.36 
45,731.06 
45,729.66 
45,729.10 
45,728.70 
45,728.12 


45,727.88 


45,727.50 
45,726.60 


45,726.26 


45,726.02 
45,725.18 
45,724.34 
45,723.84 
45,722.12 
45,721.66 
45,719.66 
45,718.16 
45,716.70 
45,713.80 
45,713.24 
45,709.20 
45,708.80 
45,704.58 
45,702.98 
45,699.46 
45,696.34 








10 Ghosh, Trambarulo, and Gordy (to be published). 
4 Private communication from Dr. L. O. Brockway. 
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TaBLE IV. Observed and calculated hyperfine structure for the J/=9->10 transition of CF;I?’. Frequencies are calculated with 
Bo= 1523.23 Mc/sec, Ds =0 kc/sec, Dsx=0.6 kc/sec, and eQg=—2150 Mc/sec. 








Transition 


a Calc frequency 


Obs frequency 
c/sec Mc/sec 


Transition 


F-F' 


Calc frequency 


c/sec 


Obs frequency 
Mc/sec 





RWOWNIAN AN FAW WOOO ORWUWMAUNANUA| A 


5 
0 
1 
4 
1 
4 
2 
3 
0 
7 
0 
1 
2 


13/2-915/2 
23/2-325/2 
23/2-25/2 
19/2-+19/2 
13/215/2 
23/2-423/2 
23/2-325/2 
17/2917/2 
19/2-+19/2 
13/215/2 
15/2-17/2 
23/2-325/2 
21/2-321/2 
15/2-917/2 
21/2-23/2 
23/2325/2 
21/2-423/2 
13/2-315/2 
15/2-17/2 
19/2-+19/2 
21/2-423/2 
15/215/2 
23/2-325/2 
15/217/2 
23/2-425/2 
21/2-+23/2 
23/2325/2 
13/215/2 


15/2-17/2 
19/2-21/2 
19/2-21/2 
15/2-17/2 
13/2-415/2 
21/2-23/2 
19/2-21/2 
15/2-17/2 
13/2-15/2 
21/2-21/2 
17/2-19/2 
17/2-19/2 
15/2-17/2 


30,533.11 
30,531.33 
30,514.55 
30,514.97 
30,510.66 
30,508.17 
30,500.32 
30,499.57 
30,499.18 
30,492.30 
30,490.08 
30,489.69 
30,489.08 
30,482.84 
30,480.58 
30,479.63 
30,479.32 
30,478.02 
30,477.08 


30,532.05 
30,531.33 


30,514.83 
30,509.58 


WUmwreoe| 


30,500.73 


ne 


30,491.56 


wn 


30,489.17 


30,480.14 


Dunn 


30,477.65 


30,477.02 
30,476.49 
30,476.20} 
30,473.16 
30,471.00 
30,469.31 
30,469.31 
30,468.00 
30,467.83 


30,476.54 


30,473.55 
30,470.95 
30,470.02 
30,469.63 
30,468.32 
30,467.72 
30,467.09 
30,466.29 
30,465.76 
30,464.26 
30,462.46 
30,462.16 
30,461.76 
30,459.83 


30,459.51 


30,466.29 
30,465.66 
30,464.19 
30,462.48 
30,461.69 
30,460.57 
30,459.76 
30,459.60 
30,450.49 
30,459.24 
30,459.00 | 
30,458.13 
30,457.35 


30,459.00 


30,458.15 
30,457.42 





15/2-417/2 
15/217/2 
17/2-+19/2 
19/2-21/2 
17/2-419/2 
21/2-323/2 


17/2-419/2 
19/2-21/2 
17/2-419/2 


21/2-23/2 


21/2-21/2 
17/2-17/2 
19/2-21/2 
17/2-419/2 


21/2-423/2 
17/2-19/2 


19/2—19/2 
19/2-21/2 
21/2-421/2 
17/2-19/2 
21/2-423/2 


19/2-421/2 


17/2-19/2 


19/2-19/2 
19/2-21/2 
21/2-421/2 
19/2-21/2 


30,456.08 
30,455.66 
30,455.48 
30,452.39 
30,451.12 
30,499.30 


30,444.98 
30,442.08 
30,437.11 


30,435.97 


30,433.39 \ 
30,431.02 / 
30,429.67 
30,427.45 


30,419.28 
30,416.01 


30,413.72 
30,412.60 
30,411.48 
30,402.93 
30,400.50 


30,393.43 


30,388.02 


30,372.51 
30,371.32 
30,369.74 
30,347.27 


30,456.13 
30,455.63 
30,455.46 
30,452.49 
30,451.31 
30,449.49 
30,446.96 
30,445.32 
30,442.17 
30,437.54 
30,436.74 
30,436.24 
30,434.89 


30,432.06 


30,428.97 
30,427.99 
30,426.25" 
30,425.238 
30,421.048 
30,420.49 
30,416.42 
30,414.44 
30,413.84 
30,412.64 
30,412.09 
30,402.76 
30,400.97 
30,397.858 
30,395.378 
30,393.47 
30,392. 198 
30,391.038 
30,390.29" 
30,387.87 
30,387.438 
30,386.82" 
30,386.08" 


30,371.50 
30,369.52 
30,346.49 








* These are observed frequencies for which there is no corresponding theoretical value. They probably arise from molecules in excited vibrational 


states. 


effects may be active in CF;Cl, CF;Br, and CFsI. If we 
take Z FCF as 108°+1° in CF;Cl, the microwave data 
of Coles and Hughes‘ give dcr=1.328-F0.005A and 
docx= 1.740+0.018A. This value of dec: is naturally 
somewhat shorter than the 1.765A calculated by these 
authors, assuming tetrahedral angles, but the angle 
FCF assumed here appears more probable. A tendency 
for Z FCF to be slightly less than the tetrahedral angle 
is supported by the value (107°+30’) found for this 
angle by Stewart and Nielsen” in CF.H: from the infra- 
ted spectrum, and such a tendency would be analogous 
to the behavior of ZFSiF in SiF3;H," SiF3;Cl' and of 
ZFGeF in GeF;Cl.“ There are also indications from 
preliminary electron diffraction studies that dec: in 
CF;Cl may be shorter than the 1.76A found in CCl," 
"H. B. Stewart and H. H. Nielsen, Phys. Rev. 75, 640 (1949). 
8 J. Sheridan and W. Gordy, J. Chem. Phys. 19, 965 (1951). 
“ Anderson, Sheridan, and Gordy, Phys. Rev. 81, 819 (1951). 
See R. L. Livingston and L. O. Brockway, J. Am. Chem. Soc. 


66, 97 (1944). We understand that Dr. Brockway is reinvestigat- 
ing CF;Cl by electron diffraction. 


which would require ZFCF to be smaller than the 
tetrahedral angle. 

In CF;Br, if Z FCF is again taken as 108°-1° we 
obtain dcr=1.3300.005A and dcpr=1.908+0.018A. 
It is possible, however, that ZFCF may be slightly 
smaller than this on account of the size of the bromine 
atom, and if Z FCF is assumed to be 107.5°+1° we find 
dcr= 1.3330.005A and dcpr= 1.899+0.018A. 

In CF;I we have assumed dcr= 1.332A, which is close 
to the values consistently found in these compounds 
with all reasonable valency angles. If, in addition, 
ZFCF is 108°+1°, then dor=2.134+0.016A. If 
ZFCF is assumed to have decreased to 107°+1°, then 
dor = 2.118+0.016A. 

It is seen that dcr can be determined as 1.330.015A 
in CF;Br and CF;Cl with all reasonable allocations of 
valency angles. This distance is in agreement with that 
for CF;H and for CF;CN (see below). The other dis- 
tances are much more dependent on the assumed angles. 
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TABLE V. Observed and calculated hyperfine structures for the 


J=5-—6 and J=7-—8 transitions of CF;CN™. Frequencies were 
calculated with Byp=2945.535 Mc/sec, Ds =0.4 kc/sec, Dix =5.8 
kc/sec, eQqg= —4.70 Mc/sec. 
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TABLE VII. Parameters consistent with Jz values. 
(Zero-point energy effects are neglected.) 








Molecule ZFCF dcor(A) dcx(A) 





Transition 
J-J’ K 


5-6 


Calc frequency Obs frequency 
Mc/sec Mc/sec 


F-F’ 
45, 5-6, 67 
4-5, 5-6, 67 
4-5, 5-6 
5-6 
5-6 
6—7 
45 
5-6 
6-7 
4-5 
6-7 
5-6 
5-6 





35,346.04—6.09 
35,345.97 —6.03 
35,345.86 
35,345.65 
35,345.63 
35,345.56 
35,345.32 
35,345.15 
35,345.14 
35,344.92 
35,344.64 
35,344.42 
35,343.49 


og b-s7) 
47,127.64—0.67 
47,127.31—0.40 
47,126.96—0.97 
47,126.77 
47,126.35—0.38 
47,126.03 
47,125.56—0.64 
47,124.72 
47,124.60 
47,123.90 
47,123.63 
47,123.46 
47,122.50 


35,346.03 
35,345.90 


35,345.60 


35,345.15 


35,344.91 
35,344.65 
35,344.44 
35,343.50 


6—7, 7-8, 8-9 
67, 7-8, 8-9 
67, 7-8, 8-9 
6—7, 8-9 


47,127.74 


47,127.44 
47,127.02 
47,126.83 
47,126.46 
47,126.07 
47,125.62 
47,124.68 
47,124.58 
47,123.88 
47,123.60 
47,123.48 
47,122.48 
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Table VIII summarizes the sets of parameters ob- 
tained with Z FCF assumed as 108°. The results can 
profitably be regarded in the following way. In Table IX 
are compared the values of dcx in CH3X with those ob- 
tained for CF;X (X=Cl, Br, I) assuming Z FCF = 108° 
in all cases. The distance dcx is shorter in CF3X, but 
the contraction caused by replacing CH; by CF; falls 
off in the sequence X=Cl, Br, I. From a 2.2 percent 
contraction when X=Cl it declines to almost zero in 
CF;I. (If tetrahedral angles are assumed, it has been 
shown® that dc; becomes greater in CF3;I than in CH3I.) 


TABLE VI. Observed and calculated hyperfine structures for the 
J=5—6 and J=7-—8 transitions of CF;CN. Frequencies were 
calculated with By=2855.859 Mc/sec, D;=0.4 kc/sec, and 
Dix=5.6 kc/sec. 








Transition 
J—J' 


5-6 


Cale frequency Obs frequency 
Mc/sec Mc/sec 


as 





34,269.84 
34,269.64 
34,269.30 
34,268.83 
34,268.23 


34,269.81 


3103 


Nae) 


34,269.30 
34,268.83 
34,268.24 


45,692.94 


45,692.74 
45,692.16 
45,691.56 
45,690.72 
45,689.82 
45,688.54 


comees 
45,692.89 
45,692.62 
45,692.17 
45,691.55 
45,690.74 
45,689.76 
45,688.59 


RNID wWNeK SO Oke Ne © 
~_ ” 


1.338 
1.333 
1.327 
1.322 


1.881 
1.899 
1.917 
1.935 


CF;Br 108° 28’ 


109° 28’ 


106° 28’ 
107° 28’ 
108° 28’ 
109° 28’ 
109° 28’ 


106° 28’ 
{i 28’ 


106° 28’ 
107° 28’ 


2.110 
2.126 
2.142 
2.158 
2.164 


1.432 
1.452 
1.472 
1.492 


1.332 
1.332 
1.332 
1.332 
1.322 


1.343 
1.338 
1.333 
1.328 


CF;CN, 
assuming 


don =1.158A 108” 28" 


109° 28’ 








Atomic masses used were: Carbon: 12.00386 (R. T. Birge, Revs. Modem 
Phys. 13, 233 (1941)). Fluorine: 19.00452 (M. S. Livingston and H. A. Bethe, 
Revs. Modern Phys. 9, 373 (1937)). Bromine: 78.9417 and 80.9400 (F. W. 
Aston, Nature 141, 1096 (1938)). Iodine: 126.932 (F. W. Aston, Proc. Roy, 
Soc. (London) A115, 487 (1927)). Nitrogen: 14.00750 and 15.00489 (M.S, 
Livingston and H. A. Bethe, Revs. Modern Phys. 9, 373 (1937)). 


If it is assumed that dcx is always 2.2 percent shorter 
in CF;X than in CH;X, and the values which ZFC 
must then take are calculated, it is found that Z FCI 
falls from 108° when X=Cl progressively to 105° 4() 
when X=I. This, however, does not seem probable. 
The contractions in dcx which occur are presumably 

to be accounted for by contributions to the structure 
from types (I) and (II), which are expected to be mor 
important here than the analogous structures for CH;X 
on account of the high electronegativity of fluorine 
Against this must be set the possibility of contribution 
from type (III) opposing a contraction of the CX bond 
When X is fluorine, forms (I) and (ITI) must contribute 
equally, but as X 

F- F- 

F—C=X+ —i-x 

F F 

(I) (II) 

changes in the sequence Cl, Br, I, the decline in the 
ability of X to form double bonds may be faster that 
its decline in electronegativity, and form (III) may 
increase in relative importance compared with (I) as X 
changes in this way.* This would correspond to a de 
cline in the contraction of the CX bond in the sequent? 
X=Cl, Br, I. 


TABLE VIII. Parameters for CF;X and CF;CN. 








ZFCF 
assumed 


108°+1° 
108°+ 1° 
108°-+1° 
108°+1° 


dcr (A) 


1.328--0.008 
1.330--0.008 
1.332 (assumed) 
1.335--0.008 


dcx (A) 
1.740+40.0 


1.908+0.0 
2.134+0.0) 


Molecule 


CF;Cl 

CF3Br 

CF;I 

CF;CN 
(den assumed 
1.158A) 
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134400 
464+0.0) 


——+~— 


CF,;BR, CF;I, CF:;CN MICROWAVE SPECTRA 


Further evidence can be obtained by comparison of 
the nuclear quadrupole couplings of Cl, Br, and I in the 
series CF3;X and CH;X (Table X). The couplings are 
always numerically greater in CF;X, and the percentage 
increase in coupling caused by substitution of CF; for 
CH; increases from 4 percent in the case of Cl, through 
that of Br, to 11 percent in that of I. Since forms (I) to 
(III) do not account for the increased coupling, this 
increase suggests the possible occurrence of some type 
(IV) coupled with smaller contributions from type (V) 
than in the analogous CH;X case. Form (IV) should 
increase in importance 


F F 

F—C: X* rc 

F F 
(IV) 


in the sequence X= Cl, Br, I. This is in agreement with 
the sequence of observed changes in coupling, which 


7_- 


(V) 


TABLE IX. Values of dcx (assuming 2 FCF) compared 
with dox in the CH;X series. 








dcx (A) 
CF:X CH3X 


1.348 1.385» 
1.740 1.779° 
1.908 1.936° 
2.134 2.139° 


Xx ZFCF 


(F 109° 28’ 
Cl 108° 
Br 108° 
I 108° 


dcF; —4cH; (A) 


— 0.045) 
— 0.039 
— 0.028 
— 0.005 











* We have taken the lower limit allowed by the electron diffraction results 
for CF, (reference 1). A reinvestigation of CF« by electron diffraction seems 
desirable to decide whether dcr in it is appreciably longer than that now 
found in CFs derivatives and CF2H2. 

> Reference 3. 

¢Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 


could be accounted for by relatively small contributions 
from (IV). The factors affecting the structures discussed 
here are very similar to those which affect the analogous 
silane derivatives.” 


CF;CN 


To determine this structure we must at present as- 
sume two of the four parameters. We have taken den to 
be 1.158A as found in methyl cyanide.’* This assump- 
tion may be made with some confidence since the 
quadrupole coupling of N“ in CF;CN is close to that in 
methyl cyanide, and it has been shown" that a relation- 
ship exists between this coupling and the CN bond 
length. Actually the coupling in CF;CN (—4.70 
Mc/sec) is slightly more than that in methyl cyanide 
(4.35 Mc/sec) which probably corresponds to a very 
slightly shorter bond in CF;CN, but such a difference 
length (0.001A or less) is smaller than other unavoid- 


able errors. It is, moreover, known that triple bonds of 
ee 


wen Ring, Trambarulo, and Gordy, Phys. Rev. 79, 54 
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TABLE X. Nuclear quadrupole couplings of halogens (X) 
in CF;X and CH;X. 








Percent 
increase in 


eQq in 
coupling in 
F3X 


CH3sX* CF3;X 
x (Mc/sec) 


Cys — 75.13 
ol — 59.03 
Br” +577.0 
Br* +482.0 
ye — 1934 





— 78.05» 
— 61.44» 
+619 
+517 
— 2150 1 


3.9 
4.1 
7.3 
7.3 
1.2 








*® From Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 
b From reference 4. 


the type of C=N change little in length despite rather 
wide variations in the nature of the attached groups. 

If, in addition, we assume Z FCF to be 108°+1°, we 
find dcr= 1.335-F0.008A and doc= 1.464+0.02A. Once 
more, dcr can be obtained quite closely, and its value 
agrees well with that found in other CF; derivatives, 
while the other distance, here dcc, depends considerably 
on the assumed angle. With the above angle, dcc is 
almost as short as the 1.460A found"* in methyl cyanide, 
and would equal this distance if Z FCF were 107° 48’. 
If tetrahedral angles are assumed, dcc is found as 
1.492A, which is distinctly longer than in methyl 
cyanide; this, however, seems less probable. The situa- 
tion is very similar to that in trifluoromethyl acetylene® 
where the analogous dcc was found to be 1.493A on the 
assumption of tetrahedral angles; it seems that more 
probable parameters for this molecule also would be 
dcc close to 1.460, as in methyl acetylene’ with an 
angle Z FCF slightly less than tetrahedral. 

In methyl cyanide, the shortness of doc has been 
attributed in part to hyperconjugation involving struc- 
tures such as (VI), but it is not probable that analogous 
structures would be important 


Ht F- 

H—C=C=N- F—C*—C=N 

H F 
(VI) 


for CF;CN. Without hyperconjugation, but with the 
acetylenic carbon radius, dco would be about 1.50A. 
There is, however, evidence, for example from the 
electron diffraction by the trifluoracetic acid dimer,’ 
that attachment of three fluorine atoms to a carbon 
atom lowers the carbon radius towards its fourth 
partner, even when no shortening of the fourth bond by 
double-bond character appears likely, and such an 
effect would lead to dec in CF;CN being less than 1.50A. 
It may perhaps be attributed to a lowering of the carbon 
radius in form (VII), analogous to (II) above. It appears 
probable that the CC bond length so produced is quite 
close to that in methyl cyanide. 


(VII) 


( 7 ° F. Trambarulo and W. Gordy, J. Chem. Phys. 18, 1613 
1950). 
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This paper combines earlier preliminary reports on Fz,CO, FCICO and Cl:CO into a complete report on 
the Raman and infrared spectra of these molecules. Details of measurement and handling of the samples 
are given. The fundamental frequencies observed in both Raman effect (liquid) and infrared (gas) and a 
large number of overtone and combination frequencies observed in the infrared have been identified and 
are collected in tables. The observed infrared band envelopes are described and compared with the band 
envelopes predicted on the basis of the molecular models. Resonance between v2 and 27; in F2CO and v2 


and v;+v4 in FCICO is discussed. 





INTRODUCTION 


HIS paper combines into a single report results of 
infrared and Raman investigations performed 
over a period of several years on the molecules F,CO, 
FCICO, and Cl.CO, some of which have been reported 
elsewhere in preliminary fashion.! Of this group of 
carbonyls only Cl,CO has been previously investigated 
in the Raman or infrared regions of the spectrum. The 
most recent Raman measurements found in the litera- 
ture were those of Ananthakrishnan? who observed 5 
lines at 302, 442, 573, 832, and 1807 cm™, which have 
been designated as the fundamentals. Shortly after the 
publication of this Raman work, Bailey and Hale’ 
observed the infrared spectrum from about 2-19 and 
reported sixteen absorption bands, among which were 
three of the fundamentals. They also assigned the re- 
mainder of their bands as overtones and combination 
frequencies and computed force constants. Electron 
diffraction measurements which served to fix the model 
as planar and similar to H2CO were made by Brockway, 
Beach, and Pauling.‘ 


ev, 


F.co 
FCICO 


Ci,co 
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° 200 400 600 800 


Fic. 1. Scale drawing of the Raman spectra of 
FCO, FCICO, and Cl.CO. 


* This document is based on work performed for the AEC by 
Carbide and Carbon Chemicals Company at Oak Ridge, Ten- 
nessee. 

t Department of Physics, Vanderbilt University, Nashville, 
Tennessee. 

1The Ohio State Symposium on Molecular Structure (June 
1949, 1950). Woltz, Jones, and Nielsen, Phys. Rev. 76, 200A 
(1949). P. J. H. Woltz and E. A. Jones, J. Chem. Phys. 17, 502 
SOS E. A. Jones and T. G. Burke, J. Chem. Phys. 18, 1308 
1 , 

?R. Ananthakrishnan, Proc. Indian Acad. Sci. 5A, 285 (1937). 

3C. R. Bailey and J. B. Hale, Phil. Mag. 25, 98 (1938). 
asa Beach, and Pauling, J. Am. Chem. Soc. 57, 2693 
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In the present investigation, the Raman spectra 
have been photographed for F,CO and FCICO, and re. 
peated for Cl,CO. The infrared spectra of FCO and 
FCICO have been observed from about 2-38u, and the 
infrared spectrum of ClsCO has been repeated from 
2-20u and extended to 38u. Assignment of the funda- 
mentals, and overtone and combination bands has been 
made. 


EXPERIMENTAL DETAILS 
Raman Spectra 


A Lane-Wells Raman spectrograph and source unit 
were employed to obtain the spectra of all three mole- 
cules. The exciting line was the Hg 4358A filtered by 
Rhodamine 5GDN extra and paranitrotoluene. Ex- 
posures with 100y slits ranged from 1-4 hr. 


FCO 


FCO cooled to — 100°C is a colorless liquid. The gas 
was condensed into a glass Raman tube through a 
copper tube from a copper storage cylinder, and was 
kept liquid by blowing cooled Ne into a Dewar flask 
surrounding the Raman tube. The exposures were made 
on Eastman XXX PAN film. The F,CO was prepared 
by W. Simon, A. V. Faloon, and W. B. Kenna. 


FCICO 


The technique of handling FCICO was the same a 
outlined above, but the temperature of the colorless 
liquid was about —60°C. For the photographs ob- 
tained in this case, Eastman 103 AJ film was used. 
The FCICO was prepared by A. V. Faloon and W. B. 
Kenna. ° 


Cl,CO 


Cl,CO is also a colorless liquid when cooled to abot! 
0°C. It was obtained from Matheson Company and was 
handled in the same way as the other molecules. East 
man 103 AJ film was used for all exposures. In this cas, 
slits of 150u were used and the exposures shortened t! 
40 min. 
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SPECTRA OF F,;CO, 


TABLE I. Observed Raman frequencies for liquid F,CO, 
FCICO and Cl,CO. 
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F:CO FCICO CleCO 
Inten- Inten- Inten- Anantha- 

Frequency sity Frequency — sity Frequency _ sity krishnan? 
44cm vw 1858cm™ m 1807 cm™ _m 1807 cm™ 
1909 m 1832 m eee ema eco 
1238 vvw 1085 vvw 832 vw 832 
965 vs 765 vs 573 vs 573 
771 vw 665 vw 442 m 442 
620 m 506 s 302 s 302 
571 Ww 410 m 240 vvw 








Infrared Spectra 


The infrared spectra of these three molecules were 
made with Perkin-Elmer spectrographs, Models 12C 
and 21 equipped with NaCl, LiF, CaF2, KBr, and 
KRS-5 prisms. The cells used for most of the absorption 
measurements were of fluorothene,’ and 10 cm long. 
Windows of NaCl, KBr, AgCl, and KRS-5 were used, 
in the appropriate regions. They were attached to the 
cells with a low melting polymer of trifluorochloro- 
ethylene. Gas pressures in the cells varied from less 
than 1 mm of Hg to an atmosphere as indicated in the 
legends accompanying each figure. In order to discover 
as many overtone and combination bands as possible 
records also were made using a modified Perkin-Elmer 
1m cell. A number of records utilizing different gas 
pressures and slit-widths were made for each band to 
obtain the optimum in envelope structure to aid in 
identification. Some difficulty was encountered in 
handling the F2,CO because of its instability. It was, 
however, discovered that measurements could be made 
for quite a long time with a given sample if the cell and 
transfer system were properly conditioned with gas. 
No difficulties arose with FCICO and Cl.CO. Grating 
records were made across several bands. For these 
records the University of Tennessee prism-grating 
spectrograph was used with 7200 and 3600 lines/in. 
gratings. It was in fact noted that a long-wavelength 
band in F2,CO could be resolved into rotational fine 
structure. The analysis of this band has been published 
as a separate paper.® Grating records were made across 
the C=O absorption region between 1800 cm™ and 
2000 cm for FCO and FCICO to investigate the 
existence of two overlapping bands which was sug- 
gested by the presence in that region of two close and 
fairly intense Raman lines. 


EXPERIMENTAL RESULTS 
Raman Spectra 


Figure 1 shows the Raman spectra of the three mole- 
cules drawn to scale from prints of the original nega- 
tives. The original prints are not shown here because 
the contrast is not sufficiently good to reproduce all 


\19f5) Kirby-Smith and E. A. Jones, J. Opt. Soc. Am. 39, 780 
‘A. H. Nielsen, J. Chem. Phys. 19, 98 (1951). 
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the lines well. Reference to Fig. 1 immediately shows 
the great similarity of the spectra and the shift of the 
lines to lower frequencies from F2CO to Cl.CO. 

For F;CO, 7 lines varying in intensity from very, 
very weak to very strong were observed. As there are 
six Raman-active fundamentals, the seventh line re- 
quires explanation in some other way. For FCICO, 7 
lines also were observed while for Cl,CO only six lines 
were found. Explanation of the additional line in Fx,CO 
and FCICO will be made in a later section. 

The observed Raman frequencies for all three mole- 
cules are collected in Table I, together with the esti- 
mated relative intensities. Also listed in Table I are 
the frequencies given by Ananthakrishnan? for ClsCO. 
The agreement is perfect with one exception. He found 
only five lines, and concluded that his line at 302 cm™ 
was composed of two degenerate frequencies. In this 
investigation, a line was found at 240 cm~ in addition 
to the 302 cm™ line. By comparison with the Raman 
spectrum of the similar molecule ClyCS in which there 
is a low-frequency Raman line at 200 cm~, Thompson? 
had made an estimate of 230 cm™ for the low frequency 
fundamental of Cl,CO. This estimate is in excellent 
agreement with the observed line. 





























Infrared Spectra 






The discussion of the infrared spectra of these mole- 
cules has been divided into three sections covering the 
absorption regions 250-1300, 1300-2300, and 2300-4200 
cm™ for convenience and clarity. The spectra, thus 
divided, are shown in Figs. 2, 4, and 5. 









250-1300 cm™ Region 
FCO 


Figure 2(a) shows this region of the spectrum plotted 
in percent absorption versus frequency in cm~. Four 
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Fic. 2. Prism spectra of FxCO, FCICO and Cl,CO for 250 cm" 
1300 cm™ region. (Pressures are as indicated, in inches. Cell 
lengths are 10 cm except where pressure value is followed by 
M. C., indicating that a one-meter cell was used.) 






7H. W. Thompson, Trans. Faraday Soc. 37, 251 (1941). 
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quite intense regions of absorption may be seen. The 
absorption for the various gas pressures in the 10-cm 
cell may be found in the legend accompanying Fig. 2(a). 
KBr and NaCl prisms were used for all the bands shown 
in this region for F,;CO. The KRS-5 region also was 
explored for F2CO, but no bands were detected. 

The region around 600 cm™ appears to consist of 
two overlapping bands centered at 584 cm™ and 626 
cm“. This is probably the correct interpretation be- 
cause of the two Raman lines at 571 cm™ and 620 
cm. The band at 584 cm™ appears to have a-central 
branch, but three maxima for the 626 cm™ band were 
not resolved possibly because of the overlapping. 

The absorption at 774 cm is distinctive because of 
its very sharp and intense Q branch. It was this band 
which was resolved into rotational structure and which 
gave information about the moments of inertia of the 
molecule. This band is about four times as intense as 
the ones at 584 cm™ and 626 cm™. Good agreement 
exists between the frequency of this band and the 
Raman line at 771 cm™. 

Of about equal intensity with the band at 774 cm™ is 
the one at 965 cm™. Three peaks are clearly dis- 
cernible in this band showing that there is a gathering 
of Q branches near the center. The general appearance 
is quite different from that of the 774 cm™ band show- 
ing that it results from a completely different type of 
vibration. The corresponding Raman line also is at 
965 cm™, 

By far the most intense infrared absorption band 
occurs at 1249 cm™ and contrasts with its corresponding 
Raman line at 1238 cm™ which is very weak. This band 
too has three peaks, and has much the same appearance 
as the band at 965 cm“. 

These five lowest frequency bands are so intense 
that there seems little doubt about their being identified 
as fundamentals. The fact that there are five Raman 
lines whose frequencies differ by only a few cm™ from 
the infrared band centers in the gas also makes this 
assignment reasonable. 


FCICO 


The long-wave section of the infrared spectrum of 
FCICOis shown in Fig. 2(b) plotted in percent absorption 
versus frequency in cm~. Nine bands were found in 
this region. With the exception of the band at 415 
cm, which required a pressure of } atmos in the meter 
cell, the remainder of the bands were observed with 
various pressures in the 10-cm cell. KRS-5, KBr, and 
NaCl prisms were used to explore this region for 
FCICO. The band at 415 cm™ doubtlessly corresponds 
to the medium intensity Raman line at 410 cm~. It is 
quite a weak band and appears to be doublet in char- 
acter. A somewhat more intense band, also apparently 
a doublet, was observed at 501 cm in good agreement 
with the strong Raman line at 506 cm“. 

Two quite intense bands were observed at 667 cm 
and 776 cm. These correspond to the very weak 


WOLTZ, AND JONES 

Raman line at 665 cm~ and the very intense one at 
765 cm. Both of these bands have three branches 
which are fairly prominent and well resolved. The cen- 
tral branch of the 667 cm™ band is more prominent 
than the one in the 776 cm™ band. Two fairly weak 
bands with prominent central lines were observed at 
818 cm™ and 910 cm. A moderately intense one of 
doublet type occurs at 1004 cm™. 

The most intense band in this region for FCICO is 
the one at 1095 cm™. From the prism curve it appears 
to have three branches with the central branch shading 
into the low frequency side of the band. To show this 
better, the record shown in Fig. 3 was made with the 
3600 lines/in. grating. It may be seen that the central 
branch is very sharp on its high frequency side but 
shades off into the low frequency side of the band. This 
band corresponds to the extremely weak Raman line 
at 1085 cm™. At slightly higher frequency, 1165 cm 
lies a fairly intense band which also appears to have 
three branches. 


Cl,CO 


The seven observed bands for ClzCO in this region 
are shown in Fig. 2(c). It was necessary to resort to the 
1-m cell to observe some of them satisfactorily. KRS-5, 
KBr, and NaCl prisms were used to observe all the 
bands in this region. The longest wavelength band ob- 
served for'Cl,CO is a doublet occurring at 297 cm" 
which undoubtedly corresponds to the Raman fre- 
quency at 302 cm™. This band was not observed by 
Bailey and Hale because of lack of instrument range. 

A band having three maxima and occurring at 440 
cm™, which corresponds to the Raman line at 442 cm", 
was observed with the 1-m cell. This band also was 
not reported by Bailey and Hale because of instrument 
limitations. An intense band, which has the appearance 
of a doublet with a strong R branch was observed at 
575 cm™ in agreement with the very intense Raman 
line at 571 cm~. This frequency also agrees well with 
the average position of the two maxima at 563 cm” 
and 576 cm™ reported by Bailey and Hale and which 
they label V. The envelope of their curve is also a 
doublet. 

The most intense infrared band in this region for 
Cl2CO occurs at 849 cm—!. The very weak corresponding 
Raman line falls at 832 cm™. Bailey and Hale report 
a band, which they call K, at 845 cm~. They show this 
band as a single maximum while in Fig. 2(c) three 
branches are clearly seen. This band doubtlessly corre- 
sponds to the same vibration mode as the very intense 
bands at 1249 cm™ in F,CO and 1095 cm™ in FCICO. 
Another quite intense band which exhibits three 
branches occurs at 1011 cm~. This agrees in position 
with Bailey and Hale’s band J at 1009 cm“. 

The band of somewhat lower intensity at 1159 cm™ 
appears to be a doublet in Fig. 2(c). It corresponds to 
band H at 1157 cm“ in Bailey and Hale’s work. A fairly 





weak de 
with ba 

Baile 
and 66( 
respecti 
present 
they us 
bands fe 
as CO2 
carbony 
could be 


The 
cules cl 
mentals 
which it 
are the 
which e 

For | 
For FC 
respecti 
were ob 


This 
fundam 
of over 
explore 
For mo 
FCICO 
about 1 


A ba 
was ob: 
1560 cr 
atmosp 
the strv 
of recor 
seemed 
general 
maxims 
alterna 
Tect on 


ABSORPTION 











one at 
ranches 
he cen- 
minent 
y weak 
ved at 
one of 


ICO is 
ppears 
hading 
yw this 
ith the 
central 
de but 
1. This 
in. line 
) em 
> have 


region 
to the 
-RS-5, 
ill the 
nd ob- 
cm 
n fre- 
ed by 
nge. 
it 440 
cm, 
O was 
iment 
trance 
red at 
aman 
| with 
cm 
which 
ilso a 


nn for 
nding 
eport 
v this 
three 
sorre- 
tense 
‘1C0. 
three 
sition 








weak doublet band occurs at 1276 cm™ in agreement 
with band G at 1285 cm™ reported by Bailey and Hale. 

Bailey and Hale also reported bands at 740, 698, 
and 660 cm, which they labeled L, My, and Mz, 
respectively. These bands were not observed in the 
present investigation even with much more gas than 
they used, and are thought to be impurities. These 
bands fall in a region where there is CO, absorption, and 
as CO. was an impurity in all of the samples of the 
carbonyl molecules, it may well be that their bands 
could be ascribed to CO». 









Summary 





The region 250-1300 cm™ for these three mole- 
cules clearly is the region in which most of the funda- 
mentals occur. The only observed Raman lines for 
which infrared bands have not been thus far discussed 
are the ones occurring between 1800 and 2000 cm“ 
which essentially correspond to the C=O vibration. 

For F.CO, only the fundamentals were observed. 
For FCICO and Cl,CO, four and two additional bands, 
respectively, which are combinations and overtones, 
were observed. 













1300-2300 cm Region 


This is the region in which the highest frequency 
fundamentals occur and contains in addition a number 
of overtones and combination bands. This region was 
explored by means of the NaCl, CaF», and LiF prisms. 
For most of the bands, the 10-cm cell was used, but for 
FCICO a record also was made with the 1-m cell at 
about 1-atmos pressure. 











F,CO 


A band of very irregular contour, shown in Fig. 4(a), 
was observed the center of which appears to be about 
1560 cm~!. This region is interfered with by the 6.26u 
atmospheric water band and it is not certain whether 
the structure as indicated is real. However, in a number 
of records made with various amounts of gas the details 
seemed to repeat. If this structure were ignored the 
general contour of the band would be that it had three 
maxima with the central one being most intense. An 
alternative interpretation, which is probably the cor- 
tect one, would be that two bands with centers at 1546 
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Fic. 4. Prism spectra of F,CO, FCICO and Cl.CO for 1300 cm 
2300 cm™ region. (Pressures are as indicated, in inches. Cell 
lengths are 10 cm except where pressure value is followed by 
M. C., indicating that a one-meter cell was used.) 


cm and 1583 cm~, respectively, overlap to give this 
envelope. 

The most intense absorption region is that between 
1900 and 2000 cm. At much reduced pressure, there 
is one prominent band with three maxima at 1944 
cm, There is, however, a shoulder on this band 
at about 1900 cm™ which overlaps the principal ab- 
sorption. It must be recalled that the Raman photo- . 
graphs exhibit two lines in this region, an intense one 
at 1909 cm™ and a very weak one at 1944 cm™. An 
exploration of this region was made with the grating 
spectrometer. Because of interference by the rotation 
lines of the intense atmospheric water vapor band the 
appearance of the absorption was not much improved 
over the prism record in Fig. 4(a) and is not reproduced. 
The grating record does, however, show the shoulder 
to somewhat better advantage, and that the envelope 
is distorted toward lower frequencies. There seems little 
doubt of the existence of two bands and the best esti- 
mate of the frequencies is that they lie at 1907 cm™ 
and 1942 cm~. The Raman line separation is 35 cm™ 
and the separation of the infrared bands also appears 
to be 35 cm™. 

A sharp line, reminiscent of the sharp Q branch in 
the band at 774 cm~, occurs at 2010 cm™. The band 
associated with this Q branch is quite weak and does 
not appear except with fairly high pressure in the 10 
cm cell. The last band observed in this region is the 
one at 2195 cm~. This band is intense, has three max- 
ima, but no prominent central branch. 


FCICO 


As shown in Fig. 4(b), 8 absorption regions were ob- 
served in this spectral interval for FCICO, one of which 
is the C=O fundamental between 1800 and 1900 
cm. A doublet band of moderate intensity was 
observed at 1327 cm™ in the 10-cm cell at atmospheric 
pressure. With the same amount of gas two weak 
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bands, one with undetermined envelope and the other 
with a fairly prominent Q branch, were observed at 
1508 cm and 1594 cm™, respectively. A much weaker 
band which showed no structure was discovered at 
1752 cm“. 

The most intense absorption occurs between 1800 
and 1900 cm™. It will be recalled that 2 Raman 
lines were found at 1832 cm™ and 1858 cm“. ‘There 
is good evidence from both the prism record, shown in 
Fig. 4(b) and a grating record not shown here, that 
two overlapping infrared bands occur at about 1847 
cm and 1876 cm™. The band envelope is distorted 
toward lower frequencies as in F2CO. The low frequency 
band is the weaker of the two. The separation of the 
Raman lines and of the infrared bands is 26 cm and 
29 cm~, respectively. 

Near 2000 cm~ in Fig. 4(b) is a fairly weak but com- 
plicated absorption envelope. Two alternatives present 
themselves: that 2 bands with centers at 2015 cm™ 
and 2025 cm™ exist here; or, what is perhaps more 
likely, that one band with center at 2020 cm repre- 
sents the region. Two more bands, a doublet at 2091 
cm and a doublet at 2182 cm“, were observed. 


Cl,CO 


Five bands, of which the most intense is the C=O 
’ frequency, were observed for Cl:CO in the 1300- 
2300 cm“ region. A band which could not be adequately 
resolved was discovered at 1412 cm. Because of the 
rather intense absorption near the center and the lack 
of resolution, this band was assumed to have three close 
maxima. It corresponds to the Bailey and Hale band F 
at 1403 cm. A weak band showing no structure and 
unreported by Bailey and Hale was found at 1570 
cm~!, These authors also reported a band E at 1666 
cm which appeared as a doublet at 1677 cm™ in 
this investigation. 

The C=O fundamental at 1827 cm™ is the band 
Bailey and Hale called D. In their work it appears as 
a single maximum, but here it is clearly a doublet. 
Only one Raman line at 1807 cm™ and one infrared 
band at 1827 cm“ were discovered in this interval. 
This is in contrast to F,;CO and FCICO where two 
were found. 

A weak doublet not reported in the earlier work was 
found at 2130 cm™ with 1.5 atmos of gas in the 10-cm 
cell. Bailey and Hale reported a band C at 2062 cm“ 
which was not found in the present work. It is sug- 
gested that this band may be caused by CO as an 
impurity. 


Summary 


The investigation of this region produced the re- 
maining fundamental for each molecule as well as a 
number of overtone and combination bands. It also 
gave evidence that the two close Raman lines in F2CO 
and FCICO were accompanied by two infrared bands. 





NIELSEN, BURKE, WOLTZ, 








AND JONES 





2300-4200 cm™! Region 


For all three molecules a number of weak bands which 
may be explained as overtone and combination fre. 
quencies were discovered in this region. The 10-cm cel] 
and the 1-m cell were both used with pressures up to 
1.5 atmos. Most bands were examined with the LiF 
prism. The results are shown in Figs. 5(a), 5(b), 
and 5(c). 


FCO 


As shown in Fig. 5(a), 9 bands located at 2474, 
2682, 2712, 2875, 2912, 3179, 3412, 3851, and 4830 
cm were found; two of these bands exhibit sharp Q 
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Fic. 5. Prism spectra of F2,CO, FCICO and Cl:CO for 2300 
cm~!4200 cm™ region. (Pressures are as indicated, in inches. 
Cell lengths are 10 cm except where pressure value is followed by 
M. C., indicating that a one-meter cell was used.) 


branches while the others have three more or less 
equally intense maxima. Another band of unknown 
envelope was found at 5703 cm“. 


FCICO 


For FCICO, eleven bands located at 2413, 2538, 
2634, 2958, 3045, 3177, 3255, 3400, 3730, 4033, and 
5500 cm- were discovered. Their structures, as shown in 
Fig. 5(b), exhibit either two or three maxima. 


Cl,CO 


Seven bands located at 2405, 2705, 3527, 3639, 4073, 
4180, and 4255 cm™ were discovered and are shown in 
Fig. 5(c). Of these, Bailey and Hale reported bands at 
2714 cm~, which is part of their Az, and at 3630 cm”, 
which they labeled A;. They also listed bands A: at 
3058, A; at 2780, and B at 2336 cm™ which were not 
detected in this investigation, even with considerably 
larger amounts of gas. It is suggested that they are 
impurities. The center of the v3 band of CO, which was 
always present as an impurity, is close to their 2336 
cm band. 
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DISCUSSION OF RESULTS 
General 


The molecules comprising this group of carbonyls 
are planar and geometrically similar to H,CO and D.CO. 
F,CO and Cl.CO belong to a class of molecules whose 
symmetry is that of the point group C2, while FCICO 
belongs to the C, group. There are six nondegenerate 
fundamental frequencies, the forms of which are well 
known® and whose symmetry species are A; for 1, v2, 
and v3, B; for vs and vs, and Be for vs. Thus, if the elec- 
tric moment oscillates along the C2 or twofold axis, 
an Ay symmetry results; if it oscillates along an axis 
perpendicular to the C» but in the plane of the model, 
a By symmetry results; and if it oscillates perpendicu- 
larly to the plane of the model, a Bz results. Briefly 
described : v; is essentially the inphase C—X vibration, 
» is the C=O vibration, v3 is the bending of the 
X-—C—X angle, v4 is the out-of-phase C—X, »; is the 
rocking of the X—C—X triangle, and 7 is the out-of- 
plane vibration. Thus there are electric moment changes 
possible along all three principal axes of inertia. Be- 
cause of the symmetry type the principal inertial axes 
in FCICO make an angle with the direction of the C=O 
bond. All of the planar vibrations, therefore, have com- 
ponents along both the least and intermediate axes for 
this molecule. 

From the grating measurements® and the microwave 
measurements by Smith and co-workers,’ it appears 
that F,CO is very nearly an oblate symmetrical top 
with p=1I4/Ig~1. The out-of-the-plane oscillation v¢ is 
thus the only one of the six fundamental modes which 
could be a parallel type band. Only one band with an 
intense and sharp Q branch is observed and this im- 
mediately identifies vs. The remaining fundamentals all 
have about the same appearance with three more or 
less equal maxima. The parameter 8=p—1, defined by 
Gerhard and Dennison,!° is about —0.5 for FxCO. The 
envelopes of perpendicular bands for this value of 6 
have 3 maxima of about the same intensity. The Q 
branches of the AK=-++1 transitions gather near the 
band center to form the rather intense central maxi- 
mum. All of the observed bands in F:CO are of the 
types described, parallel and perpendicular. 

From the electron diffraction data given by Allen 
and Sutton," the moments of inertia of Cl,CO may be 
calculated. It is found that the molecule is quite asym- 
metric with the intermediate axis of inertia lying along 
the C. axis and the least axis of inertia perpendicular 
to the C. axis in the plane of the figure. The parameter 
p=14/Ip~0.4. Using Figs. 19 and 20 in Dennison’s” 
teview article, it may be seen that a type A band 


*G. Herzberg, Infrared and Raman Spectra (D. Van Nos- 
trand Company, Inc., New York, 1945), p. 65. 
asm Tidwell, Williams, and Senatore, Phys. Rev. 83, 485(A) 
S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197 (1933). 
1. W. Allen and L. E. Sutton, Acta Cryst. 3, 47 (1950). 
"D. M. Dennison, Revs. Modern Phys. 3, 280 (1931). 


FCICO, AND Cl1:CO 


TABLE II. Assignment, symmetry, and envelopes of 
observed bands in F2CO.* 








Pred 
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Assignment metry freq freq envel 





Vy d 965 cm 
ve d 1942> 
V3 / 626 
V4 1249 
V5 584 
V6 2 774 
2, 4 1907» 
22 y, 3851 
24 4 2474 
2v6 A 1546? 
yt V2 A 291 2 
vit 1583 
vit, 2195 
wit V5 1546? 
vot vs 3179 
vot ve 2712 


Perp* 

Perp 

Perp 

Perp 

Perp 

Parallel 
? 


Perp 
Perp 
Perp 
Perp 
Perp 
Parallel 
Perp 
Perp 
Perp 
Perp 
Perp 
Perp 
Perp 
Perp 
Perp 
Parallel 
Perp 
Perp 
Parallel 
Parallel 
Perp 
Perp 


1930 cm™ 
3856° 
2498 
1548 
2893¢ 
1591 
2214 
1549 
3177° 
2702¢ 
2895 
3463 
2704 


Perp 
Perp 
Perp 
Perp 
Perp 
Perp 
Perp 
Perp 
Parallel 
Perp 
Perp 
Parallel 
2026 Parallel 
4825 Perp 
5689 ? 


3” / 2875 
vit2vs 

21+ V6 2 
2v3+ V6 Bs 
5”, A 1 
2ve+ vatvs By 


3412 
2682 
2010 
4830 
5703 








® The assumption is made that F2CO is very nearly an oblate symmetric 
top. . 

b Perturbed values of v2 and 2»1 caused by Fermi-type resonance. 

© Calculated values obtained by using unperturbed value of v2=1928 
cm}, 
4 Type A and type B bands are virtually identical for a model as close 
to a symmetric top as this. 


should have a fairly strong central branch while a type 
B band should appear as a doublet. Type C bands 
should also have a central line not unlike type A bands. 
The molecule CleCO should therefore have three funda- 
mentals of type A, two of type B, and one of type C. 
The molecule FCICO is clearly an asymmetric rotor 
because its spectrum is composed of type A, B, and C 
bands of much the same form as the spectrum of Cl,CO. 
As there is no C2 axis for this model, the principal axes 
of inertia do not lie along any bond direction as in the 
other two molecules. An attempt has been made to 
orient the principal axes by guessing at a molecular 
shape which seems reasonable in terms of the other two 
molecules. The C=O distance was chosen as the average 
of the values for FCO and Cl,CO. The O—C—F angle 
was retained from FCO, and the O—C—Cl angle from 
Cl,CO. The CI—C—F angle then becomes the average 
of the F—C—F and ClI—C—Cl angles for the other 
molecules. Transformation to principal axes puts the 
least axis at an angle of about 9° with the C—Cl bond, 
and the intermediate axis at an angle of about 25° 
with the C=O bond. As the parameter p= I4/Ip~0.45, 
the type A and type B bands should have about the 
same appearance as in Cl,CO. It is no longer possible 
to say that the vibrations 1, v2, and v3 cause dipole 
moment changes entirely along a principal axis and, 
therefore, that they should have the same character 
because all the planar vibrations have components 
along both the least and intermediate axis. In fact, 
the bands identified as »; and v2 have three maxima and 
are of type A, but v3 appears to be a doublet. This is 
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TABLE III. Assignment, symmetry, and envelopes of 
observed bands in FCICO. 











Sym- Observed Calculated Observed 
Assignment metry frequency frequency envelope 
v1 A’ 776 cm Type A 
v2 A’ 1876* Type A 
V3 A’ 501 Type B 
V4 A’ 1095 Type A 
V5 A’ 415 Type B 
V% A” 667 see Type C 
2v2 A’ 3730 3736>cm™ = Type B 
2v3 A’ 1004 1002 Type B 
2m, A’ 2182 2190 Type B 
2v5 A’ 818 830 Type A 
26 A’ 1327 1334 Type B 
vite A’ 2634 2644 Type A 
vit, A’ 18478 1871 ? 
vets A’ 2958 2963> Type B 
vot ve A” 2538 2535» Type C 
vats A’ 1594 1596 Type A 
vatvs A’ 910 916 Type A 
vat ve P iad 1165 1168 Type C? 
vats A’ 1508 1510 ? 
vatve rg 1752 1762 ? 
vit2ve A’ 4487 4512 ‘4 
vi +24 A’ 3045? 2966 4 
21+ v2 A’ 3400 3420> 4 
vot2v4 A’ 4033 4058» Type A 
vot 26 A’ 3177 3202» ? 
2vi+v3 A’ 2020 2053 Type A 
Qvet+r4 A’ 2091 2097 Type B 
3% A’ 3255 3285 Type B 
vat2ve A’ 2413 2429 Type B 
Qvotvutre a" 5500? 5498 ? 








® Perturbed values of v2 and »1-++»4 caused by resonance. 
> Calculated values obtained by using unperturbed value of »2=1868 
cm™}, 


reasonable if the suggested model is correct, and means 
that the component of the changes of electric moment 
along Ig in »; and v2 nearly cancel out, and that the 
component along I, in v3 nearly cancels out. With the 
same kind of argument, v4 could very well be essentially 
type A, and »; essentially type B, as is observed. The 
envelopes of the overtones and combinations cannot 
be predicted as in F,CO and Cl.CO with the exception 
of possibly the ones involving v¢ in such a ways as to 
give A” symmetry. Such a band 2+ 5 is observed 
at 2538 cm™ with a sharp Q branch not unlike 7g itself. 
The other overtones and combination bands are type 
B and type A. 


F,CO 


The fundamental bands, and overtone and combina- 
tion bands have been identified and may be found listed 
in Table II together with the calculated frequencies 
and the observed and predicted band envelopes. Identi- 
fication of the fundamentals was accomplished by an 
elimination process. As has been previously pointed 
out, vg is the only parallel-type vibration in the mole- 
cule. Only one band at 774 cm™ was found which was 
resolvable, and which had a Q branch compatible with 
this type structure. This band was, therefore, assigned 
to vs. The fundamental mode which corresponds essen- 


tially to the C=O vibration would probably be nv- - 
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merically somewhere near the C=O frequency in 
H:CO and D.CO and other molecules containing the 
C=O group. The band at 1944 cm™ was, therefore, 
assigned to vz. There are two frequencies, »; and », 
which would very likely fall fairly close together be- 
cause they are essentially C—F valence bond oscilla- 
tions. Of these, v4, the out-of-phase vibration, is gen- 
erally of higher frequency than », the in-phase one. 
Therefore, v; was taken to be 965 cm™ and v4 was taken 
to be 1249 cm™. There remain the bending frequency », 
and the rocking frequency vs both of which would be 
low frequencies. It seems reasonable to believe that the 
rocking frequency would be lower than the bending one. 
Therefore, v3 is taken to be 626 cm™ and »; is 584 cm—, 
This assignment is also reasonable on the basis of the 
observed Raman intensities. The totally symmetrical 
vibrations v;, v2, and v3 should be polarized and hence 
should be intense in Raman effect. The strongest 
Raman lines are indeed the ones at (1909, 1944) cm“, 
965 cm, and 620 cm™, while the weakest ones are 
those at 1238 cm™, 771 cm~, and 571 cm“. The C=0 
frequency v2 is clearly related to the pair at (1909, 1944) 
cm™ and »; is certainly larger than v3 which fixes the 
strong Raman lines as v2, v1, and v3, respectively. Among 
the weak lines, v¢ is certainly 774 cm“, and 7 is obvi- 
ously larger than v;. This establishes the weak lines as 
v4, Ve, and v5, respectively. 

As there are no prohibitions on overtones or combina- 
tion bands there are many possibilities for transitions 
throughout the spectrum. They are by no means all 
observed as the intensities may be low on a great many. 
Exclusive of the 6 fundamentals, fifteen bands which 
are ascribed to overtones and combinations were found 
in F,CO. These are listed in Table II with the appro- 
priate assignment and calculated frequency using the 
observed fundamentals. It is worth noting that among 
the overtones and combinations observed three have 
sharp Q branches and should, therefore, be parallel- 
type vibrations of the Bz symmetry species. These are 
the bands at 2010, 2704, and 2712 cm™ which can 
indeed be identified as vs+2v3, ve+2n1, and m+, 
respectively. 


FCICO 


With the fundamentals identified in F,CO the identi- 
fication of the fundamentals in FCICO is not difficult. 
The assignments and observed frequencies are given in 
Table III along with the calculated frequencies and 
observed envelopes. v2 should be nearly the same value 
as in F,CO, but a little lower in frequency, and is as 
signed to the absorption (1847, 1876) cm™. There are 
three intense Raman lines which must be 71, v2, and ¥% 
Thus y; must be 776 cm= and »; is taken to be SU! 
cm, The three weak lines are v4, vs, and ve, of which % 
is undoubtedly 667 cm as it exhibits a fairly prominent 
Q branch as in F,CO. The out-of-phase valence fre 
quency » is, therefore, 1095 cm=! and ys is 415 cm™. 
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A great many overtone and combination bands were 
discovered, this spectrum being much richer than the 
F,CO probably because of the lower symmetry. The 
twenty-four bands, exclusive of fundamentals which 
were observed, have been fitted into Table III with 
identifications which agree closely with the calculated 
values. 











Cl,CO 


The same arguments used previously on F,CO and 
FCICO to identify the fundamentals were applied to 
Cl.CO. The fundamentals and their present assign- 
ments are given in Table IV. An apparent disagreement 
between these results and those of Bailey and Hale is 
explained when it is noted that w; and we have been 
interchanged in order to use the notation of Herzberg.* 

Fourteen overtone and combination bands were dis- 
covered and have been fitted into Table IV with proper 
assignment. Several bands were found that were un- 
reported by Bailey and Hale, and several reported by 
them were not found even with more gas in the cells. 















Resonance 


Attention has already been directed to the fact 
that in F,CO and FCICO there exist close pairs of 
Raman lines and close pairs of infrared bands in the 
C=O region, while in Cl,CO there exists only a single 
Raman line and single infrared band. This can be 
explained in F2CO by a Fermi-type resonance between 
», and 2y; and in FCICO by a resonance between v2 
and the binary combination »;+ »4. No resonance occurs 














TABLE IV. Assignment, symmetry, and envelopes of 
observed bands in Cl,CO. 
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+ and we have been interchanged to agree with Herzberg’s notation. 
robably an impurity. 
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Fic. 6. Raman lines in the C=O region showing resonance of v2 
and 2»; in F2CO, and v2 and »;+% in FCICO. 
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in ClyCO because there are no close frequencies of the 
proper character. 

In FCO the level Vi= 1, V2= V3= Vi.= V3;= V.=0 
is observed to be 965 cm™ above the ground state. 
Ignoring the anharmonic terms the level V:=2, would 


NIELSEN, BURKE, 


TABLE V. The fundamental frequencies for F,CO, 
FCICO and Cl,CO (gaseous state). 








WOLTZ, AND JONES 





Assignment F:CO FCICO Cl:CO 
V1 965 cm7! 776 cm™ 575 
V2 19288 1868* 1827 
V3 626 501 297 
V%4 1249 1095 849 
V5 584 415 240> 
V6 774 667 440 








® Unperturbed values. 
b Raman line. 


fall at 1930 cm. The level V2=2 is observed at 3851 
cm and if resonance were ignored V2=1 would fall 
at 1926 cm™. Thus, v2 and 27; are virtually equal and 
as they are both of symmetry species A; they are in 
position to resonate. 

The two Raman lines for the liquid may be seen in 
Fig. 6(a), an intense one at 1909 cm™ and a medium 
intensity one at 1944 cm~. In the infrared the absorp- 
tion frequencies in the gas fall at 1907 cm™ and 1942 
cm, with the weak one being the low frequency one, 
and the strong one being the high frequency one, as 
shown in Fig. 4(a). The intensities of corresponding 
frequencies are thus reversed. Because the C=O vibra- 
tion is polarized and should be strong in the Raman 
spectrum the line at 1909 cm™ is associated with v2 
and the line at 1944 is associated with 2»,. For the 
liquid, the energy level V2=1 is perhaps a little lower 
than V,;=2. The resonance interaction would then 
shift the Ve=1 level up to 1944 cm™ and the V2=2 
level down to 1909 cm. Because of the mixing of the 
wave functions 2»; borrows some intensity from v2 but 
still remains somewhat weaker. Normally, the fre- 
frequencies in the gas are somewhat larger than in the 
liquid. For the infrared it might, therefore, be expected 
that the levels V2=1 and V;=2 would be a little higher 
than for the liquid. It is suggested that perhaps the 
level V2=1 is a little higher than V;=2 in the gas 
which would mean that in going from liquid to gas the 
V2 levels are shifted more than the V; levels and thus 
cross over. If this were the case, the resonance would 
shift the V2=1 level to 1942 cm™ and the V;=2 level 
to 1907 cm™ making the higher frequency band v2 and 
consequently more intense. It can, therefore, be ex- 
plained how 72 is the more intense frequency both in the 
Raman effect and in the infrared. The estimated, un- 
perturbed v2 is 1928 cm7. 





In FCICO the situation is a little different. The two 
Raman lines fall at 1832 cm and 1858 cm™, but unlike 
F,CO their intensities are virtually identical, as js 
shown in Fig. 6(b). This is probably indicative that, 
at least in the liquid, the resonance is much closer than 
it was in F,CO. The two infrared bands shown in Fig, 
4(b) occur at 1847 cm™ and 1876 cm“, with the low 
frequency one being the weaker for F2CO. The resonat- 
ing levels in this case are V2=1 and the combination 
level Vi= V,=1. An estimate of the unperturbed levels 
in the gas may be had from the observed value, 3730 
cm™, of 2v2. If the anharmonic terms are ignored the 
level V2=1 falls at about 1865 cm™. The unperturbed 
position of Vi=V4=1 can be had from the observed 
positions of »,; and v4 and is found to be 1871 cm”. 
These levels are of the symmetry species A’ and may 
resonate. For the liquid it is probably not possible to 
determine the relative positions of the levels v2 and 
v;+v4 because the intensities of the Raman lines are 
so nearly equal. For the gas it is presumed, however, 
that the level V2=1 is the higher because the high 
frequency infrared band is the more intense. 

In Cl,CO it is clear from Fig. 6(c) that only a single 
Raman line occurs at 1807 cm™ and from Fig. 4(e) that 
only one infrared band occurs at 1827 cm™. There are 
no overtones or combination bands which have fre- 
quencies in this vicinity and no resonance occurs. It 
seems reasonable, therefore, to put the unperturbed 
frequency v2 at about 1928 cm™ in F2CO and at 1868 
cm in FCICO. The use of these values brings the 
calculated frequencies in Tables II and III into better 
agreement with the observed frequencies. Table V has 
been prepared to summarize the fundamental fre- 
quencies for the three molecules, using the infrared 
values for the gaseous state. 

Finally, several very weak infrared bands could not 
be identified with low or reasonable combinations of the 
fundamentals. They are, however, believed to be real 
as they were observed for several samples. 
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Microwave Spectra and Molecular Structures of Fluoroform, Chloroform, 
and Methyl Chioroform* 


S. N. Guosu,t RAtpH TRAMBARULO, AND WALTER GORDY 
Department of Physics, Duke University, Durham, North Carolina 


(Received December 11, 1951) 


Sufficient isotopic combinations have been studied to make complete structural determinations of fluoro- 
form and chloroform from microwave rotational spectra. The dimensions of CHF; are dcu=1.098A, 
dcr=1.332A, and Z FCF = 108°48’ ; those of CHCl; are dcu=1.073A, deci=1.767A, and Z CICCI]=110°24’. 
Measurements were made on only the most abundant isotopic species of CH;CCl;. If the CCl; configuration 
as in chloroform and the CH; configuration as in methane are assumed, the CC distance in CH3;CCl; is found 


to be 1.55A. 





INTRODUCTION 


LTHOUGH fluoroform and chloroform have been 

the subject of several previous structural investi- 
gations both with electron diffraction and with spectros- 
copy, no complete determination of either structure 
has before been made. Because of the low electron 
scattering power of H, no estimate of the CH distance 
could be made with electron diffraction. The earlier 
microwave investigations of chloroform? and fluoro- 
form’ did not employ sufficient isotopic combinations 
to make possible unambiguous assignments of the 
parameters. In the present study the structural de- 
terminations of both these molecules have been com- 
pleted, and a partial evaluation of the structure of 
methyl chloroform has been made, from measurements 
on their microwave rotational spectra. 


EXPERIMENTAL METHOD 


Observations were made with a Stark-modulation 
spectrograph employing 100-kc square-wave modula- 
tion. Frequency measurements were made in the usual 
way with a secondary frequency standard monitored by 
comparison with station WWV. 

Deuterated fluoroform was prepared by heating 
ordinary fluoroform with a tenfold molar excess of 


Tage I. Observed rotational absorption frequencies of some 
isotopic combinations of CHF;, CHCl;, and CH;CCls. 

















Isotopic Frequency 
species Transition (Mc) 
C8HF; J=1-—2 41,287.98+-0.40 
CDF; J=0-1 19,842.69+0.40 
C®HCI,37 J=5-6 37,554.11+0.40 
C®H;3C2C],%5 J=7—8 37,955.88+0.40 
— 


*The research reported in this paper has been made possible 
rough sponsorship extended by the Geophysical Research 
Directorate of Air Force Cambridge Research Laboratories under 
Contract No. W19-122-ac-35. 
tOn leave from the Department of Physics, The University of 
Icutta, India. 
0} V. Smith and R. R. Unterberger, J. Chem. Phys. 17, 1348 
inunterbereer, Trambarulo, and Smith, J. Chem. Phys. 18, 565 
‘Gilliam, Edwards, and Gordy, Phys. Rev. 75, 1014 (1949). 
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heavy water at 120°C in the presence of potassium car- 
bonate for eight days. A portion of the fluoroform was 
removed from the reaction mixture after one day, and a 
very weak absorption line corresponding to the species 
CDF; was found. At the end of eight days the CDF; 
absorption line was much stronger indicating that an 
exchange between D and H had taken place. This 
research suggests the possibility of using microwave 
spectroscopy to study exchange reactions. Spectra of 
other isotopic species of both chloroform and fluoroform 
were observed for the naturally occurring concentra- 
tions. 


SPECTRAL CONSTANTS 


Frequencies of the rotational lines measured in this 
research are listed in Table I. Spectral constants derived 
from these frequencies as well as the previously re- 
ported values for other isotopic combinations are listed 
in Table IT. Gilliam, Edwards, and Gordy* made ob- 
servations of the most abundant isotopic species, 
C°’HF;. The Jg value of this species has also been 
determined from optical spectra with very good ac- 
curacy by Bernstein and Herzberg.‘ Isotopic combina- 
tion C"HC],*5 has been measured by Smith and Unter- 
berger! and C”DC1,;** by Unterberger, Trambarulo, and 


TABLE II. Derived spectroscopic constants of some isotopic 
combinations of CHF;, CHC1];, and CH;CCl. 











Isotopic Bo Ip 

species (Mc) (X107- g cm?) Reference 
CHF; 10,348.74 81.0641 b 
CHF; 10,422.00 81.2741 c 
C®DF; 9,921.35 84.5561 c 
C®HC1,%5 3,301.94 254.066 d 
C®HCI,37 3,129.51 268.065 c 
C2DC]I,;* 3,250.17 258.113 e 
C#®H;CC1,35 2,372.6 353.58 c 








® Calculated from Bo using Planck's constant =6.623773 erg sec. 
b See reference 3. 

¢ Present work. 

4 See reference 1. 

© See reference 2. 


4H. J. Bernstein and G. Herzberg, J. Chem. Phys. 16, 30 
(1948). 
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TABLE III. Molecular structures of CHF;, CHCl;, and CH3CC]s. 











dcH dcr ZFCF 





CHF; 
CHCl; 


dcu 
CH;CCl, 4 @cc! 


108°48’ 
dcx dec ZCICCl 
1.073 1.767 110°24’ 


= 1.093 
=1.767 | assumed dco 
parameters 1.55 


1.098 1.332 


ZHCH =109°28’ 
ZCICCI= 110°24’ 








Smith.? These earlier microwave measurements have 
been combined with ours in our structural evaluations. 
Hyperfine structures resulting from the Cl nuclear 
quadrupole coupling in chloroform and methy] chloro- 
form were not resolved. Nevertheless, because the 
coupling is small and because the strongest hyperfine 
components are close to the position of the undisplaced 
rotational lines, it is possible to obtain an accurate 
measurement of the position of the rotational lines 
without resolution and analysis of these structures. 


STRUCTURES 


Table III lists the structural parameters which were 
calculated from the rotational constants. The°CF dis- 
tance and FCF angle for fluoroform are in good agree- 
ment with the electron diffraction values, 1.34+-0.02A 
and 109°+2°, measured by Bauer and Beach.°® Similar 
electron diffraction results have recently been obtained 
by Brockway.® Our results on chloroform also agree 
well with the electron diffraction values dcci=1.77 
+0.02A and ZCICC]=112°+2° for chloroform.’ 

A significant difference in the zero-point vibrational 
energies of the hydrogen and deuterium containing 
molecules can cause a rather large possible error in the 
determination of the CH distance. Since only a mini- 
mum number of isotopic combinations for the struc- 
tural evaluations were measured, no estimate of the 
limits of error could be made from the internal consis- 
tency test. From such tests on other molecules where 
substitutions or D for H have been made, the limits 
of error in the CH distance are estimated as 0.02A. 
Fortunately, because of the small weight of H, such 
a large possible error in the CH distance does not cause a 
correspondingly large error in the other parameters. 

It is interesting that the bond angles and the CH 
distance in fluoroform are so close to those for methane. 
The CH length suggests that this bond is formed pri- 
marily with an sp* hybridized orbital of the C. Although 
the CF distance, 1.332A, is considerably shorter than 
the added covalent radii of C and F, 1.51A, the three C 
orbitals which form bonds to fluorine are presumably 
also sp*® hybrides. The most likely cause for the marked 
shortening of the CF bonds is the ionic resonance of 


5S. H. Bauer and J. Y. Beach, quoted by P. W. Allen and L. E. 
Sutton, Acta Cryst. 3, 46 (1950). 

° L. Brockway (private communication to J. Sheridan). 

7L. Brockway, Revs. Modern Phys. 8, 231 (1936). 
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Form II with I, as suggested by Schomaker and 
Stevenson,’ and the resonance of I with Form III, as 
proposed by Pauling. The Schomaker-Stevenson rule 
which predicts a decrease of about 


0.09 | va—xXB| =0.13A 


would account for the greater part of the shortening. 
F F- Ft 
F--H 


| 


F—Ct—H F—C—H. 


| 
r r- 
I II Ill 


Although the bond angles are nearly tetrahedral in 
CHF, it does not seem probable that the CF distance 
would be significantly smaller in this molecule than it 
is in CF,. A single, early electron-diffraction measure- 
ment gives the CF distance in CF, as 1.36+0.02A. A 
remeasurement of CF, with electron diffraction seems 
worthwhile. The CF distances in CF;Cl reported by 
Coles and Hughes” and in other CF3X molecules found 
by Sheridan and Gordy" are in good agreement with the 
fluoroform value. 

It is interesting to compare the structures of fluoro- 
form and chloroform. In fluoroform, the CH distance 
and ZHCF are slightly larger than those expected for 
tetrahedral carbon, whereas in chloroform the corre- 
sponding values appear to be slightly smaller than the 
tetrahedral values. Differences in angles can be ex- 
plained on the basis of the larger size of the Cl, which 
causes a repulsion of the Cl atoms and thus increases 
ZCICCI above the tetrahedral value of 109°28’. The 
surprising feature is that the CH distance in chloroform 
is shorter than that in fluoroform and even shorter than 
that in methane, 1.093A. Although the error caused by 
the difference in zero-point energy mentioned above 
might barely account for the deviation in the methane 
value, it is not probable that this accounts for the ob- 
served CH distance in chloroform being shorter by 
0.03A than that in fluoroform since deuterium substitu- 
tion was employed in both determinations. Neverthe- 
less, it is difficult to account for the shorter chloroform 
distance. From the fact that ZHCCI is smaller than 
109°28’, one might predict that the C bonding orbital 
in CH would have less than 25 percent s character and 
hence that the CH bond length would be longer than 
that in methane. For similar reasons, one might expect 
the CH in fluoroform to be slightly shorter than 1.0934. 
Actually, the opposite trend is indicated by the present 
structural determinations. 

As the lines of CCl;CH; were rather weak, it was 
possible to measure only the most abundant isotopl¢ 


8 V. Schomaker and D. P. Stevenson, J. Am. Chem. Soc. 63, 37 
(1941). = 
°L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1945), second edition, p. 236. 
101). K. Coles and R. H. Hughes, Phys. Rev. 76, 858 (1949). 
4 J. Sheridan and W. Gordy (to be published). 
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combination. Nevertheless, it is believed that the CC 
distance estimated for this molecule is reasonably ac- 
curate. There is no obvious reason why the CH; and 
CCl; configuration should be significantly different from 
those of methane and chloroform which are assumed in 
the determination of dcc. The value obtained for dec, 
155A, is in accord with CC single bond lengths in other 


MICROWAVE SPECTRA 


607 


hydrocarbons. No evaluation of the CC distance in this 
molecule by other methods has been made. 

We would like to thank Dr. A. F. Benning of the 
Jackson Laboratories of the E. I. duPont de Nemours 
Company for the sample of fluoroform, and the Texas 
Division of the Dow Chemical Company for the sample 
of methy] chloroform. 
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Spectroscopic Studies in the Near Ultraviolet of the Three Isomeric Dimethylbenzene 
Vapors.* I. Absorption and Fluorescence Spectra of Para-Dimethylbenzenet 


C. D. Coopert AND M. L. N. Sastri§ 
Department of Physics, Duke University, Durham, North Carolina 


(Received December 7, 1951) 


The absorption spectrum of para-xylene between 2850 and 2350A was photographed using a 3-meter 
grating spectrograph, and the corresponding fluorescence spectrum between 3125 and 2720A was photo- 
graphed with a Bausch and Lomb medium quartz spectrograph. The electronic transition involved is in- 
terpreted as 'A;,—1B3, with the 0, 0 band at 36733 cm™. Progressions in the fluorescence spectrum involve 
the totally symmetric vibrations 829 and 1208 cm~, while progressions of the corresponding frequencies 775 
and 1185 cm™ appear in the absorption spectrum. A weak portion of the spectrum is identified with a so- 
called forbidden transition involving the 8:,-component of the 606e,* benzene vibration. This 8;,-vibration 
has a frequency of 648 cm in the ground state and of 552 cm in the upper state. The a:,-component of the 
€,* benzene vibration in para-xylene has a lower state frequency of 458 cm™ and the upper state value of 367 
cm~!. The Tesla luminescence spectrum is interpreted in relation to the fluorescence and absorption spectra. 


INTRODUCTION 


ONSIDERABLE spectroscopic data in the form 

of absorption, emission, fluorescence, phosphores- 
cence, infrared, and Raman spectra have been recorded 
for the dimethylbenzenes CsH4(CH3)2 (more commonly 
known as the xylenes). Among the earliest investiga- 
tions, if not the earliest, of the absorption spectra of the 
xylenes are those by Pauer! in 1897 who studied them 
insolution and in the vapor phase. Recent reliable data 
for the solution spectra have been published by Conrad- 
Billroth? and Wolf and Herold.’ Optical density curves 
may also be found in the Catalog of Ultraviolet Spectro- 
sroms.* Kronenberger® has studied the near ultraviolet 
absorption of meta-xylene in the vapor and in the solid 
state. He mentions that he ‘compared his plates of the 
vapor absorption with corresponding enlargements of 


* This work was assisted by the ONR under contract N60ri-107, 
Task Order I, with Duke University. 

t Based on parts of two theses submitted in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy in the 
Graduate School of Arts and Sciences of Duke University during 
1950 and 1951. 

t Present address: Physics Department, University of Georgia, 
Athens, Georgia. 

§ Present address: Pithapuram (M.S.M. Rly.), India. 

‘J. Pauer, Ann. Physik und Chem. 61, 363 (1897). 

*H. Conrad-Billroth, Z. physik. Chem. B29, 170 (1935) 

°K. L. Wolf and W. Herold, Z. physik. Chem. B13, 201 (1931). 
‘American Petroleum Institute Research Project 44 at the 
National Bureau of Standards, Catalog of Ultraviolet Spectrograms. 
Serial No, 55, 56, and 57. O-xylene, M-xylene and P-xylene, 
‘ontributed by the Texas Company, Beacon, New York. 

A. Kronenberger, Z. Physik 63, 494 (1930). 


V. Henri. No later publication of these results from 
Henri’s laboratory could be found. M. B. Hall and P. 
Cole photographed the xylene spectra in 1943,° but 
because of war research these spectroscopic studies 
were not pursued further. 

Absorption studies in the vacuum ultraviolet of the 
individual xylenes in a n-heptane solution have been 
carried out by Platt and Klevens.’ In this same spectral 
region Price® and co-workers have obtained the spectra 
of the xylenes in the vapor phase. 

Emission spectra in the near ultraviolet which must 
be considered as the counterpart of the absorption in 
this region have been obtained in a Tesla discharge 
through xylene vapor by McVicker® and co-workers. 
The near ultraviolet fluorescence spectrum of ortho- 
xylene was reported by Marsh! in 1923, but similar 
data could not be found for the vapors of the other 
two isomers. Fluorescence of the xylenes in alcoholic 
solutions, as well as other related facts, have been in- 
cluded in the recent book on fluorescence and phos- 


phorescence by Pringsheim."" The Raman spectra of 


6 Communication to Dr. H. Sponer from Dr. M. B. Hall. 

7J. R. Platt and H. B. Klevens, Chem. Revs. 41, 301 (1947). 

8 Price, Hammond, Teegan, and Walsh, Disc. Faraday Soc. 9, 
53 (1950). 
( 9 a Marsh, and Stewart, J. Chem. Soc. 125, 1743 
1924). 

10 J. K. Marsh, J. Chem. Soc. 123, 3315 (1923); Phil. Mag. 49, 


971 (1925). 


1 P, Pringsheim, Fluorescence and Phosphorescence (Interscience 
Publishers, Inc. New York, 1949). 
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the xylenes can be found in the publications of Paulsen,” 
Kohlrausch," and Herz. Recent work by Plyler’® has 
extended and supplemented the work of Lecomte,'® 
Barnes,” and others,!* so that infrared spectra of the 
dimethylbenzenes are known between 250 cm and 
2000 cm—. 

The present work was undertaken as part of a pro- 
gram on the structure of electronic levels in substituted 
benzenes. Since the near ultraviolet absorption spectra 
of toluene’®?° and mesitylene* have been analyzed, 
it was felt that a study of the xylene spectra would fill 
the remaining gap between these methylbenzenes and 
at the same time offer some interesting comparisons. 
Also, much unpublished information, both experimental 
and theoretical, has been obtained in this laboratory on 
the spectra of other disubstituted benzenes. These spec- 
tral data will furnish comparisons and serve as guides 
in the choice of assignments for the dimethylbenzenes. 


EXPERIMENTAL 


The para-xylene sample used in this research was 
purchased from Eimer and Amend and was their cp 
grade. Further purification of the sample was carried 
out by a fractional recrystallization of five steps to ob- 
tain a final sample with a freezing point of 13.2°C. 

The experimental details involved in obtaining the 
fluorescence spectrum reported here will be published 
with other fluorescence data in the near future by M. L. 
N. Sastri. They follow, in general, procedures used in 
previous fluorescence research.” 

For the absorption spectra reported here, the optical 
arrangement was the same as in previous similar studies 
from this laboratory. The 25-cm quartz absorption 
cell used for para-xylene was loaded and its temperature 
controlled in much the same manner as that reported 
by Sponer and Lowe” for benzotrifluoride. This method 
gives the spectra as a function of the vapor pressure 
inside the cell. The vapor pressures for the different 
temperatures were obtained from the measurements of 
Stuckey and Saylor.™ 

As a continuous light source a hydrogen lamp of 
conventional design was employed and operated at 

120, Paulsen, Monatsh. Chem. 72, 244 (1939). 

13K. W. F. Kohlrausch and associates, Monatsh. Chem. 72, 
268 (1939) ; 74, 175 (1942) ; 76, 200 (1947). 

144 FE, Herz, Monatsh. Chem. 76, 1 (1947). 

15 FE. K. Plyler, Disc. Faraday Soc. 9, 100 (1950). 

16 J. Lecomte, J. phys. radium 9, 13 (1938); Ann. phys. 10, 503 
(1938). 

17 Barnes, Gore, Liddel, and Williams, Infrared Spectroscopy 
(Reinhold Publishing Corporation, New York, 1944). 

18 American Petroleum Institute Research Project 6 at the 
National Bureau of Standards, Catalog of Infrared Spectrograms. 

19 J. Savard, Ann. chim. et phys. 21, 287 (1929). 

( 20 Ginsburg, Robertson, and Matsen, J. Chem. Phys. 14, 511 
1946). 

21H. Sponer and M. J. Stallcup, paper in V. Henri memorial 
Volume, Contributions a lEtude de la Structure Moléculaire 
(Desoer, Liége, 1948), p. 211. ; 

2 A. M. Bass and H. Sponer, J. Opt. Soc. Am. 40, 389 (1950). 

%3 H. Sponer and D. S. Lowe, J. Opt. Soc. Am. 39, 840 (1949). 
194) M. Stuckey and J. H. Saylor, J. Am. Chem. Soc. 62, 2922 
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2300 volts. The light from this lamp was rendered ap. 
proximately parallel by a quartz condensing lens and 
then allowed to pass through the absorption cell and was 
focused on the spectrographic slit with a cylindrical 
quartz lens. The spectrograph utilizes a Rowland 
3-meter reflection grating in a modified Eagle mounting. 
The grating was used in the first order giving a prac- 
tically linear dispersion of 5.535 A/mm. 

Eastman Kodak III-0 and II-0 spectroscopic plates 
were used with the best results being obtained on II 
plates. Exposure times varied from ten to sixty minutes 
and the plates were developed for five minutes in a tray 
of D19 developer at 20°C. An iron arc was used to 
supply a comparison spectrum. Measurement of the 
spectra was carried out with a Hilger comparator so 
that in general the bands are accurate to within 2 or 
3 cm, 


EXPERIMENTAL RESULTS 


The near ultraviolet absorption spectrum of pard- 
dimethylbenzene lies in the region between 2850 and 
2350A. This spectrum was studied in dependence of the 
pressure of the substance for temperatures ranging 
between —40° and 100°C. The bands of the spectrum 
have slightly diffuse heads and are degraded toward the 
red. At —30°C (0.05 mm Hg) only four bands are 
present on the photographic plate. They appear at 
2721.52A (36,733 cm™), 2665.8A (37,508 cm”), 
2663.4A (37,535 cm™), and 2636.5A (37,918 cm). 
When the temperature is increased to — 20°C (0.16 mm 
Hg), an additional band is found at 2681.3A (37,285 
cm") as well as five bands of shorter wavelengths which 
belong to combinations or progressions of the first 
bands, as will be shown later. Also at this temperature 
three bands appear on the red side of the 36,733-cm™ 
band and are separated from it by 54, 94, and 192 cm™. 
For higher temperatures similar companions appear on 
the long-wavelength side of the other bands cited above. 
Referring to Fig. 1, which shows both the absorption 
and fluorescence spectra, we see that similar band groups 
of medium intensity, which are only partially devel- 
oped, appear toward the violet from the 37,918-cm™ 
band. Also, for the temperature of 10°C (3.29 mm Hg), 
the absorption spectrum shows a few widely spaced, 
very weak bands toward the red from the well-developed 
36,733-cm— group. These bands are accompanied by 
weaker ones at increased temperatures to develop at 
least three more of the groups similar to these observed 
in the stronger region. For these temperatures above 
30°C (11.72 mm Hg) the stronger bands of the spectrum 
have broadened to a continuous absorption. 

In addition to the near ultraviolet electronic spectrum 
discussed above, there is another absorption system 
around 2100A for para-xylene. A study of this system 
with ultraviolet sensitized plates revealed only the 
edge of a continuous absorption which gradually moves 
toward the red with increasing temperatures to mergt 
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DIMETHYLBENZENE SPECTRA 


35075 (2X829, 0) 
~36085 (648, 0) 


- - 36734 (0, 0) 
38717/688 (0, 1185 +802/775) 


se=37535/508 (0, 802/775) 
37918 (0, 1185) 


Fic. 1. Top—fluorescence spectrum of para-xylene excited by Mn spark; exposure time 48 hours; slit width 504; vapor pressure 
jmm Hg; Corning #9863 filter. Middle—absorption spectrum of para-xylene; vapor pressure 1.4 mm Hg. Bottom—absorption spectrum 


of para-xylene; vapor pressure 11.7 mm Hg. 


with the system of longer wavelengths for temperatures 
above 50°C. 

The fluorescence of p-xylene was obtained by using 
acondensed Mn spark as light source. Table I gives the 
emission of Mn and the corresponding absorption bands 
of p-xylene for comparison. The exciting lines are 
rather weak, but it is exceptional to find strong lines 
which coincide in wavelength with the strong absorp- 
tion bands. It was found that the fluorescence spectrum 
extends from 3125 to 2720A and consists of about 45 
rather diffuse bands. In appearance the spectrum is 
very similar to the Tesla luminescence spectrum of 
pxylene taken by McVicker and Marsh.® The fluores- 
‘nce bands agree with the emission bands, but the 
fuorescence spectrum is much richer in bands. In 
luorescence a region of weak emission is observed in 
the neighborhood of the 0,0 band. The same observa- 
tion has been made in the other cases studied as may 
be seen from* the fluorescence spectra of benzotri- 
fuoride,2> toluene,2® fluorobenzene,” and benzonitrile.2¢ 
This effect has been interpreted as caused by partial 
reabsorption of the emitted radiation in the cell. 

In the region of overlap the bands coincide in most 
‘ses with absorption bands. The wavelengths, wave 
lumbers, intensities, and assignments of both fluores- 
‘nce and absorption bands are listed in Table II. The 
intensity measurements are only visual estimates based 
® the following scale: vs—very strong, s—strong, 
m—medium strong, m—medium, mw—medium weak, 
’—weak, vw—very weak, and ew—extremely weak. 


The wave numbers used in the assignment column are 
oa 
»M. L. N. Sastri, Ph.D. dissertation, Duke University (1951). 
A. M. Bass, J. Chem. Phys. 18, 1403 (1950). 


those obtained from the absorption measurements 
since they are the more accurate. 


DISCUSSION AND ANALYSIS 


On the basis of the known molecular configuration 
of para-dimethylbenzene it is assigned to the point 
group D»,, considering the CH; group as a single atom, 
as was done by Pitzer and Scott®’ in their discussion 
of the Raman data. In this discussion the z axis has been 
chosen to be perpendicular to the plane of the benzene 
ring, and the y axis coincides with a line joining the two 
substituents. Thus for para-xylene the electronic transi- 
tion 1A4,,—1B3;, is allowed with the transition moment 
in the x direction. In addition to this allowed transition 
a so-called forbidden part of the transition of much 
weaker intensity may also be produced by a vibration 
moment just as was the case in benzene. This moment 
can be produced in the y direction by a 61, vibration or 
in the z direction by a {2, vibration. 


TABLE I. Comparison of Mn lines* with the absorption 
bands of p-xylene in A units. 








Absorption bands 


Mn lines of p-xylene Assignment 





2722.1 
2695.4 
2681.7 
2666.8 
2664.0 
2637.2 


2721.5 0,0 
2694.6 0,367 
2681.3 0,552 
2665.5 0,775 
2663.4 0,802 
2636.5 0,1185 





® From MIT wavelength tables. 


27K. S. Pitzer and D. W. Scott, J. Am. Chem. Soc. 65, 803 
(1943). 
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TABLE II. Fluorescence and absorption bands of para-dimethylbenzene. 




















[Fluorescence bands Absorption bands 
Wave- Wave Wave- Wave Separation 


length number length number from 0, 0 
A cm Int. A cm~! Int. 36,733 cm= Assignments 












































3122.3 32,018 ew —4715 0— 1208—4X829— 192 
03.0 218 ew —4515 0—1208—4X 829 
3080.0 458 ew ; —4275 0—2X 1208 —2X829— 192 
69.8 566 ew — 4167 0—2X 1208—2X829—94 
61.0 660 w — 4073 0—2X1208—2X 829 
43.5 _ 847 ew — 3886 0—1208—3X829—192 
26.0 33,037 w — 3696 0—1208—3X 829 
12.0 191 ew , — 3542 0—2X 1208 —829—192—94 
03.0 290 ew — 3443 0—2X 1208 —829— 192 
2994.4 386 vw . — 3347 0—2X 1208 —829—94 
85.8 482 w —3251 0—2X1208—829 
76.1 591 wd —3142 0—1208—2X829—192—94 
69.0 672 wd — 3061 0—1208—2X829—192 
60.0 774 w — 2959 0—1208—2X829—94 
51.9 867 m — 2866 0—1208—2X829 
36.8 34,040 mw — 2693 0—2X 1208—192—94 
29.1 130 mw — 2603 0—2X 1208—192 
21.1 224 s — 2509 0—2X 1208—94 
13.1 318 $ — 2415 0—2X 1208 
05.2 411 m — 2322 0— 1208 —829— 192 —94 
2897.3 505 s — 2228 0— 1208 —829— 192 
89.1 603 vs — 2130 0—1208—829—94 
81.5 694 vs — 2039 0—1208—829 
74.2 782 mw —1951 0—2X829—192—94 
66.6 874 m — 1859 0—2X829—192 
57.8 982 m —1751 0—2X829—94 






t=85°C = t= 35°C 

p=135.0 p=15.70 

mmHg mm Hg 
50. 35,075 vs 2850.2 35,075 ew — 1658 0—2X829 
0—1208—2X 192 










0—1208—192—94 








6. 
35.3 259 w —1474. 0—829—648 

29.3 334 s 29.1 335 mw — 1398 0—1208—192 
21.4 0—1208—94 


0— 1208 











a ? 
06.7 619s —1114 0-—829—192—94 
2799.5 710 = s 2799.5 710 vi’ —1023 0—829—192 
98.7 720 vw —1013 0—829-—2x«94 
91.6 811 vs 91.6 811 mw —922 0—829—94 
88.5 851 ew —882 (0-—829—54 
85.3 892 w —841 0—829—12 
84.4 904 —s os . 84.4 904 ms —829 0-829 
77.5 993 rw 77.5 993 vw —740 0-—648—94 
75.1 36,024 ew —709 0—648—54? 
0—648—12 







0—648 ; O—458—192 













65.0 155 ew —57 0—458—94—27 
62.9 184 vw 62.9 184 vw —549 0—458—94 
59.6 227 ew — 506 0—458—54 
57.8 250 ew — 483 0—458—27 
55.9 275 R) 55.9 275 vw $ —458 0—458 
50.5 346 mw — 387 0—2X 192; 0O—387? 
49.4 361 w —372 0—192—2X94 
42.8 448 5 42.5 452 vw — 281 0—192—94 
39.9 488 w — 245 0—192—54 
38.8 502 w —231 0—192—27—12 
38.0 512 w —221 0—192—27 






0—192 











, 0—2X94 
30.6 611 w —122 0—94—27 






0—94—12? 
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TABLE II—Continued. 





Fluorescence bands Absorption bands 
Wave- Wave Wave Separation 


length number number from 0, 0 
A cm-1 Int. A cm“ ‘ 36,733 cm™ Assignments 





— 


28.4 641 s 641 —92 0—94 
661 —72 0-72 
680 —53 0—54; 0O—2X27 
694 v —39 0—12—27 
706 —27 0—27 
721 —12 0—12 
733 0,0 


0+367 — 192 


0+367—54 
0+552—192? 
0+367 ; 0+552—2X94 


0+552—94 

0+552—54 

0+552—12? 

0+552 
0+775—192; 0+775—2x94 
0+802—192; 0+802—2X94 
0+775—94 

0+802—94 

0+775 

0+802 


0+1185—2X94 
0+1185—94 
0+2X552 
0+1185—54 
0+1185 


0+552+775—12 
0+552+775 


0+552+802 
0+2X775—192 
0+1565—192 
0+1565—94 

0+2X775; 0+1565—12? 
0+1565; 0+775+802 
0+2x802 
0+552+1185—12 
0+552+1185 


0+1185+775—2X94 
0+1185+802—2X94 
0+1185+775—94 
0+1185+802—94 
0+1185+802—54 
0+1185+775 
0+1185+802 
0+552+1565 
0+552+2X 802 

0+2X 1185-294 
0+2X1195—94 
0+3X775 
0+1565+-802 

0+2X 1185 ; 0+1565+802 
0+552+1185+775—94 
0+552+1185+802 —94 
0+552+1185+775 
0+552+1185+802 


0+1185+ 1565—94 
0+ 1185+ 1565 
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Fluorescence bands Absorption bands 
Wave- Wave Wave- Wave 
length number length number 
A cm~ Int. A em~! 











Separation 
from 0, 0 
36,733 cm= 







Int. Assignments 














29.5 521 vw 

21.3 650 

20.3 666 

13.2 778 

11.5 805 

07.6 867 ms 

05.8 899 mw 


95.8 055 ew 
94.4 078 
82.2 275 Ss 
73.2 421 w 
71.4 451 vw 
58.7 659 s 
56.4 698 w 
49.0 821 w 
46.9 856 ew 
44.6 894 ew 
41.2 951 ew 
38.9 990 ew 
37.8 41,008 ew 
34.1 070 w 
32.0 106 ew 
26.1 206 ew 
18.9 329 ew 
17.1 359 ew 
14.4 406 ew 
11.8 450 vw 
01.6 626 ew 
2389.7 833 vw 




















vw 2788 = =©0+1185+2X802 

ew 2917 0+552+802+-1565 

ew 2933 0+552+2X 1185 

ew 3045 0+2X 1185+775—94 

ew 3072, = 0-+2X1185+802—94 

vs 3134 = =0+2%X1185+775; 0+2X 1565 
s 3166 0+2%X1185+802 































3303 0+552+1185+1565 

3322 
ew 3345 0+552+1185+2X 802 
vs 3542 0+3X 1185 ; 0+1565+1185+802 
vw 3688 = 0+552+2X1185+775 
vw 3718 0+552+2X 1185+802 
$ 3926 §=0+2X1185+1565 
ew 3965 0+2X 1185+2 x 802 

4088 0+552+3X 1185 

4123 

4161 

4218 

4257 

4275 

4337 0+3X 11854802 

4373 

4473 0+552+2X 1185+ 1565 

4596 

4626 0+4X1185—94 

4673 

4717 =9$0+4X1185 

4893 0+552+3X 1185+802 

5100 = 0+3%X1185+1565 




















From group theoretical considerations and from the 
Franck-Condon principle** totally symmetric vibra- 
tions are expected to appear in strong bands, and they 
should form progressions. Nontotally symmetric vibra- 
tions will appear in »—» transitions according to their 
Boltzmann factors. They may also, with the exception 
of the classes Biu, B2u, and 63., appear singly excited in 
“forbidden” bands for which the electronic transition 
moment would not be in the x direction but perpendicu- 
lar to it. Since these 8,,-vibrations are all infrared active, 
it follows that for para-xylene infrared active vibrations 
can occur, in the electronic absorption spectrum here 
discussed, in »—» transitions only, or excited in even 
multiples. 

Of the four strong bands that are observed in absorp- 
tion at a temperature of — 30°C (0.05 mm Hg) the band 
of longest wavelength 2721.52A (36,733 cm™) is chosen 
as the 0,0 band of the allowed spectrum. The other 
three bands found at 37,508, 37,535, and 35,918 cm“ 
represent frequency differences from the 0,0 band of 
775, 802, and 1185 cm™. All three frequencies appear 
in progressions. Table II shows that 775 and 802 com- 
bine with the 1185 progression and probably with each 
other. The band at 38,298 cm™ with the frequency of 
1565 cm may be the slightly anharmonic combination 
775+802=1577. The frequency separations 775, 802, 


*8 H. Sponer and E. Teller, Revs. Modern Phys. 13, 76 (1941). 











and 1185 cm” are interpreted as vibrational frequen- 
cies in the upper electronic state. From Raman data” 
we find polarized Raman lines at 809, 828, and 1204 
cm~!; and on both our fluorescence and absorption 
spectrograms, bands separated to the red from the 0,0 
band by 829, 1208, and 2829 cm have been observed 
at the respective positions of 35,904, 35,525, and 35,05/ 
cm. These bands are the strongest in the fluorescenct 
spectrum and all bands toward the red from the 35,9 
cm7! band can be assigned as members of progressions 
or combinations of the 829 and 1208 cm™ frequencies 
if frequency differences involved in 2, v transitions att 
taken into consideration. Furthermore, an interprets 
tion of the ultraviolet emission spectrum of para-xylent 
obtained in a Tesla discharge by Marsh® reveals that 
the frequencies 830 and 1210 cm™ appear in progres 
sions and combinations. There is no doubt that the 
1185 cm— upper state vibration corresponds to the 1208 
ground state vibration. Appearance and intensity of 
the 1185 progression make it certain that this frequen 
is to be correlated with a totally symmetric vibration. 
Of the two bands involving the frequencies 775 and 80, 

the first is considerably stronger than the 802 band 
(see Fig. 1 and experimental results). Since the 828 is# 
highly polarized Raman line and a band is not found i 
the electronic spectra which can reasonably be assigned 
to a 809 vibration in the ground state, the 775 frequen? 
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in the excited state is correlated with the totally sym- 
metric 829 frequency in the ground state. Considering 
the correlation of the 1208 and 828 frequencies to modes 
of vibration, different assignments have been sug- 
gested." 7 It can be said safely that at least one of them 
isa carbon ring vibration, and the other one may be 
associated with the C— CH; valence vibration. 

As mentioned earlier, a vibration moment may be 
formed in the y direction by a §1,-vibration once ex- 
cited, or in the gz direction by a {2,-vibration once 
excited. Superposed on these 0—1 transitions may occur 
transitions of totally symmetric vibrations. All these 
bands should be weaker than those in which the elec- 
tronic transition is in the x direction, and they consti- 
tute the “forbidden” part of the spectrum. Now the 
¢,* (606 cm) vibration, which makes the “forbidden” 
spectrum of benzene allowed in the second order, splits 
for De, symmetry into an ay and #i,-vibration. The 
polarized Raman line 457 has been associated with the 
ayy-component. It is represented by the band 36,725 
cm-!, The weak band at 37,100 cm in the absorption 
spectrum may be interpreted as representing this vibra- 
tion in the upper electronic state, thus giving a value of 
367 cm~!. This frequency is not found in any combina- 
tions or progressions because of too great a weakness 
of the corresponding bands which in most cases would 
be close to other strong bands. 

From absorption and fluorescence studies and Tesla 
luminescence spectra the f-component of the e,* 
benzene vibration is chosen as 648 in the ground state 
and 552 in the upper state as represented by the bands 
at 36,085 and 37,285 cm. Support for assignment of 
these bands to a “forbidden” transition is gained from 
estimated intensities. The band 37,285, as well as those 
superimposed on it, is about ten times weaker than 
bands belonging to the allowed part of the spectrum 
(see Table II). The vibration involved gives rise to a 
depolarized Raman line at 643 cm. Using an average 
value of 646 we find the difference of this vibration in 
the two states as 646—552= 94. It is suggested that the 
bands separated to the red from all the prominent 
bands by this amount involve 1—1 transition of this 
vibration. Still further, the progressively weaker bands 
36,545, 36,452, and 36,361, which are separated from the 
0,0 band by 188, 281, and 372 cm~, do fit numerically 
to »—» transitions of the same vibration where »=2, 3 
and 4. However, it is difficult to reconcile the intensity 
of some of these bands with a Boltzmann distribution 
of the vibrational levels. Other companions of the main 
bands with separations of 12, 27, 39, 54, and 72 cm 
may be produced by »—v transitions of almost any 
Vibration below 600 cm—. Also, the 12 cm™ separation 
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TABLE III. Comparison of some fundamental frequencies 
obtained by different means of excitation. 





Tesla 
lumines- 
cence® 


Absorption 


lower upper 


458 367 ai 
648 552 Big 
829 775 aig 
1208 1185 Gig 


Sym- 
metry 


Fluores- 


Raman!? cence 


457(7) 

643(5) 

828(10) 
1204(8) 





458 
648 
829 
1208 


650 
830 
1210 





may be associated with rotation structure. The promi- 
nent band at 37,541 cm™ is separated from the 0, 0 band 
by 192 cm™. This band is different from and much 
stronger than the one separated by 188 cm which was 
mentioned previously. The 192 band is therefore at- 
tributed to a »—» transition of a low-lying vibration. 
The intensity ratio is that expected for a vibration of 
about 400 cm™. It is possible that the vibration par- 
taking in this transition is analogous to the e,,+ vibration 
of 400 cm™ which produces the 160 cm™ frequency 
difference observed in benzene. This vibration is of 
type ai. or 81, in the para-compound. It is also possible 
that a deformation or out-of-plane vibration of low 
frequency of the CH; groups is involved in this »—» 
transition. Plyler’s'® recent investigation of the infrared 
spectrum between 700 and 250 cm~ revealed only three 
bands within this region. Their frequencies and tenta- 
tive assignments were listed” as 645—B1,, 483— aig, 
and 292—83,. Since both the 645 and 292 cm~ bands 
are weak, their assignment to inactive modes is tenable, 
but an association of the very strong 483 cm frequency 
with the 61, component of the 400 e,,+ benzene vibration 
seems to be a more likely assignment. This would mean 
that the 483 cm infrared band is not to be associated 
with the 458 ai,-band in the Raman spectrum. Then the 
192 frequency difference found in electronic spectra may 
possibly be assigned to a 1—1 transition involving a 
81. vibration of 483 cm™ in the ground state and 291 
cm™ in the excited state. The 2—2 transition of this 
vibration might produce the 36,346 cm~ band with a 
separation of 387 cm™ in the fluorescence spectrum. 

On the basis of the assignments discussed most of the 
para-xylene bands may be interpreted as in Table IT. 
The fundamental frequencies obtained from absorption, 
fluorescence, and Tesla luminescence are collected with 
the corresponding Raman values in Table III. Sym- 
metry assignments are given in the last column of this 
table. 

The authors are indebted to Professor H. Sponer 
for her suggestions and helpful discussions in directing 


this research. 


> Plyler’s notations of 83, and B2, are changed here to Bi, and 
Bsg, respectively. 
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Hydrogen overpotential at nickel cathodes has been measured 
under very pure conditions in aqueous solutions of hydrogen 
chloride (0.001N—1.0N) and in aqueous sodium hydroxide 
(0.001N—0.2N). The measurements have been made in the cur- 
rent density range 10-*— 10! amp/apparent cm’, and in the tem- 
perature range 0°-50°C. Observations were also made of the build- 
up and rate of decay of overpotential and of the capacity of the 
electrode/electrolyte interface. Direct measurements were made of 
the number of acts of the rate-determining step associated with 
one act of the over-all hydrogen evolution reaction (i.e., the 
stoichiometric number yu). The application of u has been extended 
to hydrogen overpotentials greater than about —20 millivolts. The 
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experimental data were treated statistically and show that the 
most probable mechanism of hydrogen overpotential at nicke| 
cathodes is that of a rate-determining discharge step followed bya 
recombination of hydrogen atoms. The discharge probably takes 
place from hydroxonium ions in acid solution. In alkaline solution 
the observed ~H effect on overpotential is best explained by 
assuming that the discharge occurs from water molecules whose 
activity depends on the electrode field. Consideration of the role 
of chemisorption in the hydrogen electrode process indicates that 
a rate-determining discharge step can take place from a nickel 
surface substantially occupied with hydrogen atoms. 























I. INTRODUCTION 


N recent years considerable progress has been made 
in deciding the relevance and interpretation at- 
tached to certain specific studies of the kinetics of 
cathodic hydrogen evolution. For example, Agar’ has 
demonstrated how knowledge of the effects of tempera- 
ture and reactant concentration assists in elucidating 
electrochemical reaction mechanisms. Bockris? and also 
Lukovzew’ have pointed out the value of several param- 
eters open to experimental study in providing dis- 
tinguishing criteria for reaction mechanisms. The theo- 
retical bases of these criteria have recently been clarified 
by Parsons,‘ and by Bockris and Potter,® and it is the 
aim of this paper to report the results of an application 
of the principles described by these authors to the 
deposition of hydrogen at nickel cathodes. 


a 

















Fic. 1. Electrolytic cell. 


1J. N. Agar, Disc. Faraday Soc., No. 1, 81, (1947). 

2 J. O’M. Bockris, Chem. Revs. 43, 525 (1948). 

3 P. Lukovzew, J. Phys. Chem. Russ. 21, 589 (1947). 

4R. Parsons, Trans. Faraday Soc. 47, 1332 (1951). 

5 J. O’M. Bockris and E. C. Potter, J. Electrochem. Soc. (to be 
published). 
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II. PREVIOUS CONCEPTS OF THE MECHANISM OF 
HYDROGEN EVOLUTION AT NICKEL CATHODES 







Most concepts of the mechanism of hydrogen evolu- 
tion at nickel cathodes have been based on studies of 
hydrogen overpotential in aqueous solutions. According 
to Frumkin and his co-workers,*" the observed phe- 
nomena correspond to a dual mechanism in which the 
reaction is controlled over part of the electrode by a 
discharge step involving the hydrogen ion or a water 
molecule, and over the remaining area by the recom- 
bination of hydrogen atoms. Thus, the observed pH 
effects on overpotential and the reported variation’ of , 
the stoichiometric number," with pH in alkaline solu- 
tions can be interpreted by the dominance of either type 
of area. Bockris and Conway” attributed the effect of 
minute amounts of catalytic poisons on overpotential 
at a nickel cathode to a dual rate-determining desorp- 
tion step involving recombination of hydrogen atoms 
and electrochemical desorption.“ Okamoto, Horiuti, 
and Hirota“ have applied the transition state theory to 
the recombination of hydrogen atoms at a nickel cath- 
ode, but this treatment assumes that the Nernst emf 
equation applies to hydrogen atoms in an irreversible 
reaction, and this has not been validly demonstrated. 



























6 Lukovzew, Lewina, and Frumkin, Acta Physicochimica, 
U.R.S.S. 11, 21 (1939). 

7 A. Legran and S. Lewina, Acta Physicochimica, U.R.SS. 12, 
243 (1940). 

8 J. Kolotyrkin and A. Frumkin, Compt. rend. acad. Sci. U.R.SS. 
33, 445 (1941). 

®P. Lukovzew and S. Lewina, J. Phys. Chem. Russ. 21, 59 
(1947). 

10 A. Frumkin, Disc. Faraday Soc., No. 1, 63 (1947). 

4 J. Horiuti, J. Research Inst. Catalysis Hokkaido Univ. 1,8 
(1948). 

2 J. O’M. Bockris and B. E. Conway, Trans. Faraday Soc. 45, 
989 (1949). 

13 MH+H;0°+e—H:, where M is a metal atom and ¢ is 2 
electron. 

4 Okamoto, Horiuti,"and Hirota, Sci. Papers Inst. Phys. Chem. 
Research (Tokyo) 29, 223 (1936). 
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Ill. SCOPE OF THE PRESENT INVESTIGATION 








In the present investigation the course of the Tafel 
line for nickel cathodes in acid (HCl) and alkaline 
(NaOH) aqueous solutions at several temperatures and 
concentrations was traced, and data of known accuracy 
were obtained therefrom by statistical procedures. 
Supplementary information was derived from studies 
of the transient build-up and decay of overpotential 
and from the effect of ac superimposed on the polarizing 
current. 













IV. EXPERIMENTAL TECHNIQUE 






Throughout the experimental work very pure condi- 
tions were reached and maintained in the electrode- 
electrolyte system by methods previously described.'* 
The electrolytic cell, made of arsenic-free borosilicate 
glass, is shown diagrammatically in Fig. 1. The cathode 
compartment C accommodated six nickel wire elec- 
trodes each supported on a parallel ground glass joint 
allowing full rotation and movement through a vertical 
distance of about 8 cm.” The electrodes were sealed in 
pure dry hydrogen in fragile glass bulbs!* so that when 
these were broken by the retractable thermocouple 
sheath B under the purified electrolyte, any one of the 
cathodically polarized nickel electrodes could be moved 
to touch the Luggin capillary ZL. Equilibrium water, 
refluxed in hydrogen for 6 hours, was distilled into A, 
the anode compartment of the cell, and gaseous HCl 
or aqueous NaOH was passed in until the required 
concentration (estimated conductometrically at P or 
with a calibrated glass float) was obtained. Waste wash 
liquor was discarded through W, and interdiffusion of 
anolyte and catholyte was retarded both by the sintered 
glass disks D, and by the closed tap between these. The 
anode G was of spectroscopically pure graphite and a 
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TABLE I. Conditions of pre-electrolysis for various 
concentrations of electrolyte. 














Cathodic c.d. 

Concentration amp/cm? Time Coulombs 
1.0N 107 18 hr 1800-2000 
0.1N 107 18 hr 1800-2000 
0.01N 8x 10-3 18 hr 100-125 
0.001N 1x 10-3 18 hr 10 








platinized-platinum reference electrode R was used. All 
connections of subsidiary apparatus to the cell were of 
glass using water-sealed joints and taps as at M. 

Hydrogen chloride was prepared by the action of 
sulfuric acid on potassium chloride, previously heated 
to 500°C in a stream of hydrogen for 1 hour, and was 
passed through a trap cooled to —80°C before leading 
to the cell. Pure aqueous sodium hydroxide was pre- 
pared by recrystallizing three times as pentahydrate at 
— 12°C in hydrogen, followed by prolonged electrolysis 
at platinum electrodes in the same all-glass apparatus. 
Hydrogen used in the preparation of electrodes and 
electrolytes was freed from oxygen and carbon monox- 
ide, and passed through three traps at. —196°C. The 
cell was regularly cleaned with a mixture of nitric acid 
and sulfuric acid or aqua regia, and repeatedly washed 
with equilibrium water before final rinsing with con- 
ductivity water in hydrogen. 

Before fracturing the bulbs surrounding the five nickel 
test electrodes (average apparent area 0.25 cm? each), 
pre-electrolysis'® was carried out under the conditions 
given in Table I by using the sixth electrode. In this 
way nearly all traces of impurities (especially oxygen) 
were removed from the catholyte. 

Accurate estimates of current between 10~° and 10~® 
amp were made by measuring the potential drop across 
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''E. C. Potter, J. Sci. Instr. (to be published). 


Fic. 2. Circuit for dc charging and decay curves. 


: The line obtained when hydrogen overpotential is plotted as ordinate against common logarithm of current density as abscissa. 
* Azzam, Bockris, Conway, and Rosenberg, Trans. Faraday Soc. 46, 918 (1950). 


‘J. O’M. Bockris and B. E. Conway, J. Sci. Instr. 25, 283 (1948). 
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Fic. 3. Hydrogen overpotential at nickel cathodes at 20°C in aqueous HCI solutions. 


a megohm resistance in the celi circuit using a G.E.C. 
portable valve potentiometer. Currents above 10-* amp 
were directly measured with a Cambridge unipivot 
multirange instrument. The overpotential was measured 
to one millivolt with the abovementioned potentiometer. 
All electrical instruments and auxiliary controls were 
mounted on paraffin wax, and connections were made 
with screened, polymer-coated wire. The cell was fully 
enclosed in a double-walled air thermostat controlled 
to +}3°C. A water thermostat could not be used owing 
to the electrical leaks thereby introduced. 

The circuit for measuring the build-up and decay of 
overpotential is given in Fig. 2. The varying cathode 
potential was “‘backed out” by an opposing potential 


b =O:4 


© 0-007 N 





from B so that the resultant potential varied within the 
range of linear response of the amplifier A. By syn- 
chronizing the interruption of the polarizing current 
with the ‘time-base of the cathode ray oscillograph 
(CRO), a stationary pattern could be photographed 
which appeared as a dotted trace on connecting an 
oscillator to the grid of the CRO. The horizontal dis- 
tance between the dots corresponded to the period of 
the oscillator, and was used to calibrate the horizontal 
time axis. The vertical potential axis was found from 
the shifts produced by the known variations in backing- 
out potential. The method used for the measurement 
of differential electrode capacity by means of super- 
imposed ac was similar to that described by Borissova 


Na OH 
x 0:12 N Na On 
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Fic. 4. Hydrogen overpotential at nickel cathodes at 20°C in aqueous NaOH solutions. 
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TAFEL, LINES WITH. 
FVE SOIPFERENT CATHOOCES IN 
THE SAME RUN’ 
Temperatures O°C, 10°C, 20°C, 30°C, 40°C 














~ 


LING FOR O°C HIGHzeT, 40°C LOWEST — 


A 








OVERPOTENTIAL VOLTS, 





=§ =4 
LOG CURRENT DENSITY amp /cm? 








Fic. 5(a). Hydrogen overpotential at nickel cathodes in 0.01N HCl at different temperatures. 
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Fic. 5(b). Limits of replicate Tafel lines for nickel cathodes in 0.01N HCl at different temperatures. 


and Proskurnin.!® The amplitudes of the alternating V. EXPERIMENTAL RESULTS 

currents passing either a standard condenser or the Since it has been shown in previous work that in very 
tlectrode-electrolyte interface were measured on the pure solutions the potential of a nickel cathode reaches 
CRO screen, and the electrode capacity calculated. a steady value after about 1 hour of polarization'.*° 


_°T, Borissova and M. Proskurnin, Acta Physicochimica, 20 This behavior is probably a result of the surcharging of the 
URS.S. 4, 819 (1936). metal with hydrogen. Tafel lines obtained using such surcharged 
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and that the rapid technique of establishing the Tafel 
line yields the most reproducible results,!® it was clear 
that an electrode could be used once only to trace a 
Tafel line for any given set of conditions. It was found 
that the variations among different electrodes some- 
times caused a scatter of results of the same order as the 
effects it was desired to estimate, and it became neces- 
sary to replicate the measurements as much as sixfold, 
and to treat the results statistically. The characteristic 
forms of the Tafel lines*! are seen in Fig. 3 for acid 
solutions and in Fig. 4 for alkaline solutions. In acid 
solutions above about 10- amp/apparent cm’, the line 
is straight with a slope near to 0.100 volt, and below 
about 10-> amp/apparent cm? tends to become hori- 
zontal at a potential between 50 and 100 millivolts 
more cathodic than the reversible hydrogen potential. 
This trend of the Tafel line at low c.d.’s is more marked 
in concentrated acid solutions at elevated temperatures, 
and is attributed to dissolution of the metal.* In alkaline 
solutions at overpotentials more negative than about 
50 millivolts, the Tafel line is straight with a tem- 
perature-dependent slope of about 0.11 volt. At low 
current densities the line curves towards the reversible 
hydrogen potential as the ionization of hydrogen atoms 
becomes appreciable. When no current passes, the “rest 
potential” of. the nickel electrode lies within a few milli- 
volts of the reversible potential provided no agitation 
of the electrolyte is permitted to transport minute 
quantities of depolarizers to the metal surface. In both 
acid and alkaline solutions above about 10*—10~ 
amp/cm? depending on the rapidity with which observa- 
tions are made and on the concentration of the solution, 
the line shows a gradual bend-up. 


electrodes are not linear, and probapty do not correspond to the 
same physical condition of the metal throughout the whole range 
of current density (see reference 16). 

*t Traced rapidly in the direction of increasing current density. 


1. Effect of Temperature on the Tafel Line 
(a) Acid Solutions 


In any one “run” employing five temperatures and 
using each test electrode once only for observations at 
a particular temperature, a set of Tafel lines of the same 
slope was obtained as shown in Fig. 5(a). The replicate 
Tafel lines for any one temperature from several runs 
lay within a relatively wide band, and Fig. 5(b) shows 
that the position of such a band is temperature de- 
pendent. The main quantity of interest derived from 
temperature effects on the Tafel line is AH*, the stand- 
ard heat of activation of the forward (cathodic) direc- 
tion of the rate-determining step of the hydrogen evolu- 
tion reaction at the reversible hydrogen potential, and 
this is obtained from the relation, 


logio= log B— (AH*/2.303RT), (I 


where 7 is the exchange current, B is Eyring’s entropy 
factor,” R is the gas constant, and T is the absolute 
temperature. The equation® of the straight section 0 
the Tafel line passing through the experimental points 
for every electrode was found by the method of least 
squares taking overpotential as the dependent vat 
able. The ratios a/b for all Tafel lines at each electrolyte 
concentration were identified with the values of logi 
and were themselves subjected to a least squares treat: 
ment using 1/7 as the independent variable. AHo* was 
then readily obtained from the computed slope of the 
relation between logiy and 1/T (see Fig. 6). The results 
of the analysis are given in Table II, from which it ap- 
pears that AH,* is a complex function of concentration. 


® Eyring, Glasstone, and Laidler, J. Chem. Phys. 7, 10% 
1939). 

*3 That is 7»>=a—b logi., where a is characteristic for each metal 
at constant temperature and electrolyte concentration, b is of the 
order of 100 millivolt, and i, is the observed cathodic curtet! 
density in amp/apparent cm? of cathode. 
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TABLE II. Statistically computed average Tafel lines and derived data for nickel cathodes in acid solutions at 0-40°C. 








Straight section 





Activity Temp. of Tafel Line —a b 95% —logio 95% AHo* 95% logB 95% 
HCl ~ units of logic n® volt volt limits amp/cm? limits kcals limits amp/cm? limits 
0 6.25—4.0 0.704 0.099 +0.007 6.9 +0.2 
10 6.0 —4.25 0.688 0.104 +0.017 6 +0.2 tee tee tee tee 
20 5.75—3.25 0.617 0.093 +0.012 6 +0.2 6.7 +1.2 —1.5 +2.0 
30 5.75—3.25 0.625 0.099 +0.008 4 +0.2 ee tee tee tee 
5.5 —3.5 0.628 0.104 +0.003 0 +0.3 
tionship 6.0 —3.25 0.639 0.090 +0.005 1 +02 
and 1/7 5.75—3.75 0.623 0.090 +0.003 9 +0.2 
hodes in 5.5 —3.25 0.611 0.091 +0.003 7 +0.1 
shution, 5.25—3.25 0.576 0.090  +0.006 4 +0.2 
1 


0 0.571 +0.1 
0.641 
0.642 
0.626 
0.602 
0.598 


0.670 
0.581 
0.594 
0.543 
0.510 


0.094 


0.101 
0.103 
0.104 
0.102 
0.106 


0.116 
0.105 
0.109 
0.113 
0.120 


+0.005 


+0.006 
+0.006 
+0.006 
+0.006 
+0.004 


+0.011 
+0.004 
+0.009 
+0.009 
+0.006 


+0.1 
+0.3 
+0.2 
+9.2 
+0.1 


+0.3 
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+0.1 
+0.5 


on 


Dees 


wn 


NRNNNN NVNNNK w 


SOSSD SOMO Am 
WWIOAM UPRNTEA CAAA LPAIUEN 


WAIN UN WOOUN Ob 
Penni WMA NN ANDAAM DANN 
NWohinwr WOON W 


Qh ihm minininin i 
Cr 


ine 








*n=number of replicate Tafel lines used to obtain a, 6, and logio. 95% limits =(variance X#) where the value of ¢ is taken from tables at the 0.05 prob- 
ability level and for the appropriate number of degrees of freedom. . 


ha . (b) Alkaline Solutions which the constant term is significantly different from 
ion . ; 
he same The Tafel lines for temperatures between 0°C and — ye : a ee ara 1000 Ms 1. This 
eplicate ff 50°C were found to be almost coincident for each para b a the pei atta a tion b= 2.303RT/ rf 
ral runs @ electrolyte concentration used. It was evident, however, bh . halal ial St ie on hes ‘set 
) shows § that the slopes of the Tafel lines and the corresponding snnenel ts reins wenn Pi if, eebeence 0) 
ure de- § Values of logiyp were temperature dependent, and values y ‘ : 

od from | of AH)* were computed as for acid solutions. Table ITI 2. Effect of Electrolyte Concentration on 

e stand- gives the results of the analysis for alkaline solutions, the Tafel Line 


and it is seen that the values of AH* are effectively 
independent of concentration. After ascertaining by 
graphical inspection that there was no evidence for a 
concentration effect on 6 at constant temperature or of 
ae change in temperature effect on 5 with concentration, 
0 the sixty-five 6 values obtained for alkaline solution 
were bulked and the correlation coefficient between } 


) direc- 
n evolu- 
ial, and 


(a) Acid Solutions 


The quantity dn/d(pH) is complex and varies some- 
what with temperature pH and current density, as 
shown in Table IV. 











entropy : b) Alkaline Solutions 
solute @ 20d absolute temperature was found to be 0.721. This (b) 
‘tion of § Value is extremely significant for 63 degrees of freedom. Here the experimental data are more scanty, and it 
| points ff The best linear relation between 6 and absolute tem- is not possible to state if dy/d(pH) is dependent on 
of least {| Perature was found to be b= —0.056+5.47X10-T, in current density or pH at constant temperature. The 
1t vari- 
ctrolyte TABLE III. Statistically computed average Tafel lines and derived data for nickel cathodes in alkaline solutions. 
of logi 
t- — Straight section , 
s trea Activity Temp. of Tafel line b 95% —logio 95% AH 95% logB 95% 
7 * was NaOH "— units of logic n volts limits amp/cm? limits kcals limits amp/cm? limits 
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Fic. 7. Experimental data for determination of u at nickel cathodes in aqueous NaOH solutions. 


average values of dn/d(pH) at 2°C, 20°C, and 40°C are, 
respectively, +23, +10, and +14 millivolts. 


3. Estimation of the Stoichiometric Number 
in Alkaline Solution 


The expression for yu, the stoichiometric number," i.e., 
the number of acts of the rate-determining step accom- 
panying one act of the over-all hydrogen evolution 


reaction, is 

—2iF dn 

pe ~) (2) 
RT \di-] xo 


where F=the Faraday. 

The above equation requires that in order to measure 
pw the complete Tafel line from the reversible potential 
must be traced. Figure 7 shows two typical Tafel lines 
traced from the “resting potential” and the correspond- 
ing 7, 7- curves near the reversible potential. It was 
sometimes found possible to return a cathode (which 
had been already studied) to a potential close to that 
of the reversible hydrogen electrode. In these instances 
any time variation of 4 accompanying the usual time 
variation of the Tafel line could be measured. Table V 
gives the values of » which were obtained for various 
concentrations of alkaline solutions at several tempera- 


tures. Table VI shows that no detectable time variation 
of pu exists. 

It is evident from Table V that there is no detectable 
variation of » with temperature or with concentration, 
(cf. the conclusion of Lukovzew and Lewina).° Owing 
to the fact that the errors in p are not normally dis 
tributed, it is difficult to assess the error of a single 
determination of yu. It may be expected, however, that 
since the somewhat skew distribution of io gives a bias 
towards high values of io, a similar bias in the values of 
» occurs. Hence, assuming by analogy to logio that the 
errors in logy are normally distributed, it was calculated 
that the 95 percent limits of error for the fifth entry 1 
Table V (u=1.8) were —0.3 and +0.5. Bearing in mind 
that this limit of error for u does not include a source 
of error arising from the differences among electrodes 
and experimental “runs,” it is reasonable to conclude 


TABLE IV. Concentration effect on overpotential 
in acid solutions. 
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TABLE V. Values of u for alkaline solutions of various concentrations. 








ohms/cm?* 
amp/cm? por gf. 
to dic} nao 


ohms/cm? 


Concn. Temp. amp/cm? «alan 
NaOH a to dic] nao 


2 





1.61077 11.2 108 
2.11077 10.7 104 
3.3X 10-7 74X 104 
3.0 10-7 10.0 10 
2.5 10-7 9.4 108 
2.0 10-7 11.1 10 
1.7X1077 12.2 10! 
1.5X1077 16.0 108 
1.1X 107 2.6 10 
6.0X 10-7 5.6X 10 
7.1X 1077 4.0 108 
8.7X 1077 3.1 108 
4.2% 10-7 4.6 10 
1.3% 10-8 2.2% 108 
2.9 10-7 9.6 108 
7.21077 2.6 10¢ 
1.31077 20.2 108 
1.2X 1077 17.6 108 
1.1X1077 22.0% 10* 
8.5X 10-8 25.8 10* 
4.0X 10-7 8.7 108 
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0.012N 20 1.5X 10-7 

20 1.7X 10-7 
0.006N 1.0X 10-7 
1.5X 10-7 
7.7X 10-8 
5.0X 10-7 
3.0 10-7 
1.8X 1077 
1.4X 10-7 
1.11077 
1.5X10-7 
3.0% 10-7 
3.9% 10-7 
4.31077 
8.0X 10 
9.4% 10-7 


15.0X 10* 
16.0X 104 
31.0X 104 
12.9X 104 
24.8 X 104 
6.9X 104 
8.6X 10* 
12.0X 104 
17.5X10* 
18.2 X 104 
22.5 X 104 
10.6 X 104 
6.5 104 
5.1X 104 
40.0 10* 
2.8X 104 


29 22 S02 FO Ee te Sd BO be 8 2S PO ee 
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that the scatter of the u-values in Table V is no more 
than would be expected under the experimental condi- 
tions. On averaging all the y-values given in Table V, 
and calculating the variance of logy, it follows that for 
nickel cathodes in alkaline solution u.=2.0+0.1. 

It has been shown’ that another less accurate method 
of measuring yu is by estimating the overpotential n, at 
which the Tafel line begins to deviate from its linear 
path as a result of the increase to significance of the 
ionization of hydrogen atoms. Thus, when several ob- 
servations near to », have been made, 


p= —7,/0.038 


at 20°C where », is in volts. Application of the above 
relation to the experimental results yielded 15 values of 
ulying between 1.3 and 2.2, the average value being 1.8. 


4. Differential Capacity of Nickel Cathodes 


The values of differential electrode capacity obtained 
by the superimposed ac method and from the dc 
charging and decay curves were very similar, and 
showed no variation with time or with potential up to 
n=—0.25 volt (Table VII). At greater overpotentials 
the ac method became inaccurate owing to the great 
Increase in the ohmic as opposed to the capacitative 
component of the interfacial impedance, and the dc 
method indicated a gradual 50 percent increase in 
capacity up to about —0.4 volt. 


5. The Decay of Overpotential at Nickel Cathodes 


Using the dc transient method previously described, 
the decay curve of overpotential with time was found 
to be steep and linear for the first 20 mv of decay. The 
Succeeding decay became logarithmic with time, the 
slope of the logarithmic decay curve (Fig. 8 and Table 
VIII) approximating to the slope 6 of the Tafel line. 


The last stage of decay to near the reversible potential 
occupied some minutes and gave a linear relation be- 
tween logy and time. This type of behavior of the 
complete curve of the decay is in accordance with 
expectation.® 


6. Behavior of the Tafel Line at Current Densities 
Greater than 10-‘ amp/cm? 


As previously mentioned, an upward trend of the 
Tafel line was observed in acid and alkaline solutions 
above about 10-‘—10-* amp/cm?. The appearance of 
the upward trend at lower c.d.’s in weaker solutions is 
characteristic of resistance overpotential, but in view 
of the observed increase in the effect with time, it was 
desirable to ascertain if the Tafel line would remain 
straight if this resistance overpotential were eliminated. 


TABLE VI. Constancy of y for six electrodes as the 
Tafel line varies with time. 








Electrode b 
No. Description of Tafel line 


I 





1 1st ascent of c.d. 
2nd ascent of c.d. 


— DO 


2nd ascent of c.d. 
3rd_ ascent of c.d. 


mc fO 


3rd ascent of c.d. 
4th ascent of c.d. 


Nd N— 


1st ascent of c.d. 
2nd ascent of c.d. 


— ee 


1st ascent of c.d. 
2nd ascent of c.d. 


eos pe . . . . 
Dior CA Mio PO 


1st ascent of c.d. 
2nd ascent of c.d. 
3rd ascent of c.d. 


—_ a 











J. O’M. 


OVERPOTENTIAL VOLTS 





t 





i 


BOCKRIS AND E. C. POTTER 


0-01 N Hel 
O-{ N Hel 
Oo N' Hel 











Fic. 8. Decay curves 
of hydrogen overpoten- 
tial at nickel cathodes in 
aqueous HCI solutions. 
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In the dc method described above for tracing charging 
and decay curves, any resistance overpotential present 
was manifest as a vertical gap at the instant decay 
began. By making measurements of the constant depth 
of the gap (constant with time) at various currents, it 
was possible to correct the Tafel line for resistance over- 
potential. The method was tested with a silver cathode 
and the corrected Tafel line for this metal was found to 
be straight to above 10-* amp/cm”. The result of apply- 
ing the method to a nickel cathode is shown in Fig. 9, 
and it is evident that the upward trend of the Tafel line 
is in part an effect connected with activation overpoten- 
tial, and not entirely a result of resistance overpotential. 


VI. DISCUSSION 
1. Derivation of the Stoichiometric Number yu 


The hydrogen evolution reaction may be represented 
by the over-all reactions, 


2 BH’+2e=H; (3) 


(acid solution) 


2 HOH+ 2e—H2+2 OH’ 
(aqueous alkaline solution), (4 


where B is a solvation sheath. If there is one step in the 
over-all reaction which is rate-determining then the rate 
2; of the forward direction of this step is 


~— * _ ‘ 
01 = «ay(kT/h) exp| a ote tol | 0) 


where x=transmission coefficient, a;=product of the 





TABLE VII. Differential capacity of nickel cathodes in 
aqueous solutions at 20°C. 


—<—— 








Average 
differential 
capacity 
uF /apparent 
cm? 


Range of 

observed 

capacities | 
uF /app. cm 


25-29 
31-41 
38-45 
20-23 
20-30 


———— 


Electrolyte 
concentration 


0.01N HCl 28 
0.1N HCl 37 
1.0N HCl 41 
0.006N NaOH 22 
0.12N NaOH 27 


No. of 
electrodes 
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Fic. 9. Experimental data for correction of the Tafel line at a nickel cathode in 0.1N 
aqueous HC] for resistance overpotential. 


activities of the reactants of the rate-determining step 
at the site of reaction, k=Boltzmann’s constant, 
h=Planck’s constant, AGi*=standard free energy of 
activation for the forward direction of rate-determining 
step, Ad.-=inner potential of the electrode minus the 
inner potential of the solution, {=that part of Ag, in 
the diffuse double layer, 8=a fraction (<1) of (A¢.—£) 
operating to facilitate the forward direction of the rate- 
determining step, F=Faraday, R=the gas constant, 
and y= the number of acts of the rate-determining step 
necessary for one act of the over-all reaction. The ve- 
locity v. of the reverse direction of the rate-determining 
step is analogously given by 


kT AG2*—(1—8)(Ag.—$)2F/u 





ve= Kdg— exp 
h RT 


where @2= product of the activities of the products of 
the rate-determining step at the site of reaction, and 
AG,*= standard free energy of activation for the reverse 
direction of rate-determining step. The currents 7; and 
' Corresponding to v; and v2 are 


i;= 2€0;/u (7) 


ig= 2ev2/p, (8) 


and 


where e= the electronic charge. When A¢,= Ag, the re- 
Versible hydrogen potential, i;=i2=i9 (the exchange 
current). In general, since A¢,+7=Ag¢, and i,=i;—i2, 


it follows, 


i.=io{exp[—28nF/uRT]—expl2(1—8)nF/uRT]}. (9) 
At appreciable negative values of 7 the above equation 


reduces to 
ie= ig expl —28nF/uRT ], (10) 
which is equivalent to Tafel’s equation where 
b= 2.303 uRT/2BF. (11) 


At small values of 7 (more positive than — 20 mv), the 
two exponential terms may be expanded so that 


ie= — 2ionF /uRT. 


Differentiating and rearranging, 


~24oF sdy 
»-——(=) . (2) 
RT di, n=0 


TaBLe VIII. Logarithmic decay of overpotential at nickel 
cathodes in aqueous solutions at 20°C. 


(12) 








Slope of 7, logt 
curve, volts 


0.11 
0.08 
0.12 
0.09 
0.11 
0.09 
0.10 
0.10 
0.10 
0.12 


Electrode : ‘ 
No. Electrolyte concentration 


0.01N HCl 
0.01N HCl 
0.1N HCl 
0.1N HCl 
0.1N HCl 
1.0N HCl 
0.006N NaOH 
0.06N NaOH 
0.06N NaOH 
0.06N NaOH 
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2. Interpretation and Use of the Stoichiometric 
Number 


From the definition of the stoichiometric number, the 
u-values characteristic of the common mechanisms of 
cathodic hydrogen evolution are rate-determining dis- 
charge step, H'+-e—H: y=2; rate-determining electro- 
chemical step, H’+H+-e—Hz2: u= 1; and rate-determin- 
ing recombination step, H+ H—H2: p=1. 

It has been shown! that in the case of the rate-deter- 
mining recombination step, 8=1, whereas for the rate- 
determining electrochemical step, 8>> 2. Hence from the 
expression (11) b29%¢=0.029 volt for the former mecha- 
nism, and be°c 0.044 volt for the latter. Therefore the 
quantities u and b may be used to differentiate between 
the three main mechanisms of cathodic hydrogen evolu- 
tion. The use of Eq. (2) is confined to those low over- 
potentials where it is valid, and the criterion 7,, i.e., the 
overpotential at which the slope 6 of the Tafel line is 
reached,® is used to find un,. For potentials more nega- 
tive than 7,, the following argument may be used. Over 
the current density range that the slope 5 of the 
Tafel line remains constant, it is clear from Eq. (11) 
that at constant temperature »/8 must also remain con- 
stant. Even allowing for the possibility that nonintegral 
values of » may exist under the above conditions, there 
is no reason to suppose yu can vary directly with 8, and 
hence, throughout the straight section of the Tafel line 
u retains the value y,,. Clearly the ability to estimate yu, 
not only near the reversible potential but also in the 
overpotential region most commonly encountered in 
practice, is very valuable in the determination of elec- 
trode reaction mechanism. 


3. Application of uy to Nickel Cathodes 
(a) Alkaline Solutions 


Consideration of the experimental results shows 
that for solutions of concentration 0.001N NaOH- 
0.2N NaOH at 0°C-50°C and from the reversible hydro- 
gen potential to the overpotential (approx —300 mv) 
at which the Tafel line shows an upward trend, u=2. 
Therefore, under these conditions the rate-determining 
step of hydrogen evolution is a discharge step. 


(b) Acid Solutions 


Here dissolution of the metal at low c.d.’s prevents 
the application of Eq. (2). However, since d is constant 
at approximately 0.1 mv, the rate-determining step 
cannot be the recombination step, and uw remains con- 
stant at least in the region where the Tafel line remains 
straight. 


4. Further Evidence of Mechanism for 
Nickel Cathodes 


It has been shown® that the observed tendency” for 
the slope of the Tafel line to reach infinity in acid solu- 


* A.M. Azzam and J. O’M. Bockris, Nature 165, 403 (1950). 
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tions at about 10' amp/cm? may be identified with the 
approach to a maximum rate of the recombination step 
of the hydrogen evolution reaction. Hence it appears 
that the desorption step of the over-all reaction at nickel 
cathodes is the recombination step, there being no sug. 
gestion that electrochemical desorption may replace or 
accompany atomic recombination at current densities 
below 10! amp/cm?.”5 It follows that the rate-determin- 
ing step for acid solutions is a discharge step, since the 
slope b of the Tafel line is not 0.029 volt. Furthermore, 
the constancy of differential electrode capacity with 
potential at overpotentials numerically up to 0.25 volt 
indicates that the coverage of the electrode with ad- 
sorbed hydrogen does not change as the velocity of the 
rate-determining step is varied, which is in accord with 
a slow discharge mechanism. However, the coincidence 
of the increase in differential electrode capacity and of 
the upward trend of the Tafel line at overpotentials 
more negative than about —300 mv suggests that the 
limiting current associated with the maximum rate of 
the recombination step is being reached as the surface 
coverage of the cathode tends to 100 percent. 

It is therefore probable that the mechanism of hydro- 
gen evolution for nickel cathodes in aqueous acid and 
alkaline solutions is that of a rate-determining discharge 
step followed by a recombination step involving ad- 
sorbed hydrogen atoms. 


5. The Effect of H on the Discharge Step in Acid 
Solutions 
























































It has been shown that the Tafel line should be inde- 
pendent of hydrogen ion concentration in pure dilute 
acid solutions when the rate-determining step of the 
electrode reaction is a discharge step.* This is s0 
whether the discharge step involves a hydrogen ion or 
a water molecule. The assumptions attached to the 
derivation of the pH effect on the Tafel line have per- 
haps not been fully stressed in the past, and may, as 
seen below, obscure effects which have hitherto been 
regarded as anomalous. 

In general, for a rate-determining discharge step, it 
follows (neglecting the reverse reaction), 


RT 


where ; is the velocity constant of the discharge step, 
dat is the activity of the entity discharged at the inter- 
face between Helmholtz and diffuse double layers, and 
¢ is the potential drop across the diffuse double layer. 
Putting A¢.=Ad,+n and Ad,=(RT/F) Inag-, where 
ay-=activity of hydrogen ions in the bulk of the 
electrolyte, 












(13) 








ip=Fhyaa exp| 











RT RT RT 
n= const ——— Ini,+—— Inagi——— Ina: +f. (14) 
BF BF F 






% J. O’M. Bockris and A. M. Azzam (to be published). 
26 Frumkin, Z. physik. Chem. 164A, 121 (1933). 
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There are now two cases to consider: 





(a) The Entity Discharged Is a Hydrogen Ion 







































Here 
wa} os 
aai=dy° exp RT ’ 
and (14) becomes 
RT 1—8 RT 1-8, 
yreonst—— Init} = — Ino — (—— =)s (16) 
BF 
From (16), 
0 1— pf RT ) 
lA 
O(Inaq:)tie 8B LF d(Inaq-) 


(b) The Entity Discharged Is a Water Molecule 


In this case let it be assumed that 


(18) 


aal _ aw, 


where @ is the activity of water in the bulk of the 
electrolyte and is effectively constant except in very 
concentrated solutions. (The assumption implicit in (18) 
isfurther treated in Sec. 6(c).) From (14), 


RT RT 











n= const ——— Ini,-—— Inaq-+ ¢. (19) 
F F 
From (19), 
on —RT og 
= + : (20) 
O(Inay:)Jie F d(Inay:) 


Equations (17) and (20) show that the pH effect on 
the Tafel line, as expressed by the term [07/0(Inau-) ji. 
depends on the value of 0¢/0(Inaq-). Under the as- 
sumptions that (1) the electrolyte is dilute, (2) that 
specific adsorption at the electrode is absent, and (3) 
that the potential conditions are not near those of the 
électrocapillary maximum, the Stern treatment of the 
electrical double layer simplifies so that 


0¢/d(Inag-)= RT/F. 


Hence under these conditions for both cases (a) and 
(b) above, [8n/A(Inay-) ]i-=0, ie., the Tafel line is 
independent of pH of the electrolyte. 

When the electrolyte contains an excess of a neutral 
salt (e.g., KCl, BaCle, LaCls) the diffuse double layer 
mppears and d¢/d(Inaq-)=0. Under these conditions 

17) becomes 







1—8 RT RT 


—- = _—_—_ 


Fe 
rane fe 8 F F 





if 6=0.5; (21) 
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and (20) becomes 


On — RT 
Pos sL- F 


It is evident from (21) and (22) that in the presence of 
excess neutral salt in acid solution the direction of the 
pH effect on the Tafel line depends on the nature of the 
entity discharged and is numerically of the order of 
60 mv/pH unit at ordinary temperature. 

As is shown below, it was not necessary in the case 
of the nickel cathode to carry out measurements of 
neutral salt effects in order to ascertain the nature of the 
entity discharged. 

As the potential conditions at the electrode approach 
those of the electrocapillary maximum, it becomes less 
valid to simplify the Stern treatment of the double 
layer, and as a result 0¢/d(Inan:)<RT/F in pure 
dilute acid solution. Under these conditions (17) and 
(20) show that not only is there a pH effect on the Tafel 
line, but also that the direction of the pH effect dis- 
tinguishes the entity discharging. It is probable® that 
the electrocapillary maximum of nickel lies at a poten- 
tial about 0.3 volt more positive than that of the re- 
versible hydrogen electrode, and hence, for nickel cath- 
odes in pure acid solutions of concentration >10-'N 
approx, 0{/0(Inaq:)<RT/F. From the experimental 
data of Table IV, it is seen that [0n/d(Inaq:) Jio is 
positive, so that (21) must be applicable. Hence, the 
experimental data indicate that the entity discharged 
during the hydrogen evolution reaction at nickel cathodes 
in acid solution is the hydrogen ion. 

The use of the direction of a pH effect on the Tafel 
line to determine the entity discharged in a rate- 
determining discharge step at a cathode near its electro- 
capillary maximum represents a new useful criterion in 
electrode kinetics. 

In order to ascertain the relevant values of 0f/0(Inaq-) 
for nickel cathodes in acid solutions, the full Stern 
expression was used to calculate the relationship be- 
tween ¢ and A¢, at hydrogen ion activities of 10-*, 
10-?, 10-', 10°, and 10' g ions/liter. The relation between 
¢ and Inay- was then found at several chosen values of 
A¢,. Only at relatively high values of Ag, and at low 
electrolyte concentrations is the value of 0¢/0(Inaq-) 
maintained at RT/F. At low values of Ad, even at low 
concentrations of electrolyte the value of 0¢/0(Inax-) 
is appreciably below RT/F, so that under these condi- 
tions a slow discharge mechanism of hydrogen evolution 
is associated with a pH effect on the Tafel line. By using 
the ¢/Inay-/A¢, data given by Bockris and Conway” 
and the experimental values for 6 and 7 at nickel 
cathodes in aqueous acid solutions of various concentra- 
tions, the expected pH effects on 7 were calculated and 
are compared with the observed values in Table IX. 





(22) 


27 J. O’M. Bockris and B. E. Conway, Trans. Faraday Soc. (to 
be published). 
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TasLe IX. Expected and observed changes in hydrogen over- 
potential at nickel cathodes in aqueous acid solutions of various 
concentrations at 25°C. 








Change in overpotential in millivolts 
i-=10-* amp/cm? i-= 107? amp/cm? 
pH3—2 pH2—1 pHi—0 pH3—2 pH2—1 pHi—0 


+20 +10 
+50 +40 





nil 


+10 


nil 
nil 


nil nil 


Expected 
nil +35 


Observed 








Although the numerical agreement is only fair in 
Table IX, the calculated pH effects reflect two of the 
observed trends, viz., the pH effect increases from zero 
as the electrolyte becomes more concentrated, and the 
effect is less at higher current densities. This latter 
effect is observed as a result of an increased slope of the 
Tafel line with increasing electrolyte concentration at 
constant temperature (see Table IT). 

When 0¢/0(Inaq-:) is zero, Eq. (21) shows that the 
change in overpotential (at constant current) per unit 
change in pH is about 58 mv at ordinary temperatures. 
However, Table IV shows that this value is exceeded 
in strong acid solutions, especially at elevated tempera- 
tures, and thus it appears that the arguments presented 
above are oversimplified possibly as a result of neglect 
of specific adsorption at the electrode. 


6. The Effect of pH on the Discharge Step in 
Alkaline (NaOH) Solutions 


In alkaline solutions it seems inconceivable that the 
direct discharge of hydrogen ions can occur because 
their stationary concentration is so small.?* Hence, the 
discharge of hydrogen either takes place from a water 
molecule or by reaction of a discharged alkali metal 
atom with water. Owing to the observed similarities in 
double layer capacity for acid and alkaline (NaOH) 
solutions, it is reasonable to assume that the hydrogen 
ions present in the double layer in acid solutions are 
replaced by sodium ions in alkaline solutions. 


(a) The Discharge of Hydrogen Takes Place from 
a Water Molecule 


In this case the Eq. (20) expresses the pH effect 
on the Tafel line. Under the previously mentioned 
assumptions enabling a simplified Stern treatment of 
the electrical double layer to be carried out, 


dg —@  -~RT 
d(Inax ‘) ie 0(Inaya:) - F 





’ 


where ay,: is the activity of sodium ions in the bulk 
of the electrolyte. Hence under these conditions 
[ dn/0(Inay-) Jio= —2RT/F. When the electrolyte con- 
tains an excess of a neutral salt, df¢/d(Inay-)=0, and 
the pH effect is again expressed by (22) when the poten- 

*8 About one hydrogen ion within the electrical double layer 


adjacent to 1 cm? of cathode in a solution of pH 13. For further 
quantitative considerations see reference 30. 


BOCKRIS AND E. C. POTTER 





tial conditions at the electrode approach those of the 
electrocapillary maximum 0¢/0(Inaq:)>—RT/F and 
the value of [0n/0(Inaq-) ]i. lies between —RT/F and 
—2RT/F. 

It is thus evident that when a rate-determining dis- 
charge step takes place from a water molecule in dilute 
alkaline solution, a relatively large effect of pH on the 
Tafel line may be expected, being equivalent in pure 
solutions at high cathodic potentials to a vertical shift 
of about 116 mv per pH unit at ordinary temperature. 
The present work indicates that at constant current 
density and temperature, the overpotential becomes 
more positive by 10-25 mv per unit increase in fH in 
pure dilute NaOH solutions.”* This effect is much less 
than the expected one, although it is in the same direc- 
tion, and furthermore, it should be noted that the ex- 
pected result cannot decrease numerically below 58 
mv/pH unit even under conditions close to the electro- 
capillary maximum. 


























(b) The Hydrogen Originates from Sodium 
Atoms and Water 







If the rate-determining step of the electrode re- 
action is 






Na/Ni+H,0—Na’+OH’+Ni—H, 
it has been shown* that the current is given by 
RT J 


(23) 







i-= const X dw(dna‘)"a1 exp — 24) 





where (dna-)ai is the concentration of sodium ions at the 
interface between Helmholtz and diffuse double layers, 
and v is the order of step (23) with respect to Na atoms. 
Putting A¢.=Ad¢,+7, Ad-=(RT/F) Inax-, and (ana:)ai 
= (an,:)expl —{F/RT ], it follows, 


[an/A(Inax-) ke= —2RT/F. 


It is seen from Eq. (25) that when step (23) is rate 
determining, the pH effect on the Tafel line is independ- 
ent of ¢, i.e., independent of potential and of the 
presence of neutral salt. It also appears that the ob- 
served pH effect is much less than that characteristic of 
the above mechanism of hydrogen evolution. 








(25) 











(c) The Effect of Oriented Water Dipoles at 
the Cathodic Surface 


In the foregoing treatments of hydrogen discharge 
from alkaline solutions it has been assumed that the 
value of a, the activity of water, is the same in the 
bulk of the electrolyte as in the double layer adjacent 
to the cathode. It is probable, however, that the high 

29 The value of about 40 mv/pH unit obtained by Lukovzew 
and Lewina® may be high since the same cathode was used mote 
than once during an experiment. An unknown amount of “time 
variation” is thereby introduced into the results. 

” J; O’M. Bockris and R. G. H. Watson, J. chim. phys. 49, ! 
(1952). 
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field close to the cathode orients the water dipoles so as 
to produce an increase in the activity of the water in 
the double layer. Let it be assumed that the water 
dipoles adjacent to the cathode surface are completely 
oriented in the direction of the field, and that the plane 
of the interface between Helmholtz and diffuse double 
layers passes through the centers of the water dipoles. 
The potential energy P of such a dipole is equal to 
Xuw, where X is the absolute field strength in the plane 
where the potential is ¢ with respect to the bulk of the 
electrolyte, and uy is the dipole moment of water. Since 


X=4n0/d=4nC.t/d, (26) 


where o=absolute charge density over the ¢-plane, 
d=dielectric constant at the ¢-plane, and Cz= integral 
capacity of the diffuse double layer, it follows, 


P=4rpwCaf/d. (27) 


According to the Maxwell-Boltzmann distribution law, 
(dw) at= @w expL— P/RT], (28) 


where (@y)az is the activity of water at the ¢-plane. 


Hence, 
In(@w) a= Indy— (4ruwCaf/dRT). (29) 


Equation (29) may now be introduced into (14) to give 
a modified form of (20), and hence the modified pH 
effect for discharge from a water molecule in alkaline 
solution is given by 

4iruvCa 


on —RT og 
Pre ra) 
A(Inaq:)Ji, F A(Inaq-) dBF 
In applying Eq. (30) to the case of the nickel cathode 
in alkaline solution, values of Ca were taken from the 
data of Grahame,*! 8 was taken to be 0.5 at 25°C, d was 
taken to be 4, uw» was taken as 1.8310-'® esu, and 
relevant values of ¢ were derived” using overpotentials 
at 10-45 amp/cm*. The results are given in Table X. 
As mentioned previously, the observed value of 
[dn/d(logay: jie is between —10 and —25 my, and as 
indicated in Table V, does not change appreciably with 
pH. It is evident from Table X that Eq. (30) correctly 
indicates the direction and order of magnitude of the 
pH effect. All the experimental data cannot be claimed 
to have received an adequate theoretical explanation, 
however, particularly because the theory requires a 
change in pH effect with pH which is much greater than 
that observed. 


7. The Coverage of Nickel Cathodes with 
Adsorbed Hydrogen Atoms 





. (30) 


The method of preparation of cathodes used in the 
present work would be expected to produce a nickel 
surface covered with adsorbed hydrogen atoms. Thus 
when the bulb surrounding the nickel electrode was 
broken, the hydrogen-saturated electrolyte made con- 


_e-— 


"D.C. Grahame, Chem. Revs. 41, 441 (1947). 
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TasBLeE X. Expected changes in hydrogen overpotential at 
nickel cathodes in aqueous NaOH solutions of various concentra- 
tions at 25°C. 











a 4ruwCa ( or 


Ca eT 
pH pF /cm? 8(logay;") saad apr a(logay’) ) ue 





11 21 
12 38 
13 84 


—51 0.44 
— $2 0.82 
—45 1.82 


—87 
—67 
—21 








tact with a cathodic surface fully occupied with hydro- 
gen atoms. Assuming that the discharge step is rate- 
determining at nickel cathodes in acid and alkaline 
aqueous solutions, the succeeding desorption of hydro- 
gen as molecules proceeds so that only a low stationary 
concentration of adsorbed hydrogen from the discharge 
step exists on the cathode surface. It would be reason- 
able to suppose, on this account, that the initial mono- 
layer of hydrogen atoms almost disappears when the 
nickel electrode contacts the electrolyte as a cathode. 
This question is now considered. 

There would appear to be two ways in which this 
adsorbed hydrogen could be removed: (a) by ionization, 
and (b) by replacement with adsorbed oxygen or 
hydroxyl radicals. In the former case the separation of 
charges which occurs would be manifest as a change in 
capacity during the process. If approximately 10~-° 
g atoms of hydrogen constitute a monolayer over 1 cm? 
of electrode, about 10~* coulomb pass to remove these 
atoms as molecules. At the reversible hydrogen poten- 
tial the rate of this process is given by i, which is 
approximately 10-* amp/cm? for a nickel electrode, and 
hence a monolayer of hydrogen atoms would be removed 
under these conditions in about 100 seconds. No ca- 
pacity change corresponding to such an ionization 
process was observed in the present work, and the ca- 
pacity remained constant to 2 uF/cm? at constant 
potential for some hours after contact of a nickel 
electrode with the electrolyte.” In the latter case, in 
which oxygen or hydroxyl (from water) may replace 
adsorbed hydrogen, Hillson and Rideal** have calcu- 
lated from approximate data that hydrogen replaces 
oxygen (or hydroxyl) on a nickel cathode at a potential 
of —0.2v with respect to the reversible hydrogen elec- 
trode. It would not appear to follow, however, as stated 
by these authors, that a nickel electrode cannot func- 
tion as a reversible hydrogen electrode; for a high con- 
centration of adsorbed hydrogen is not necessarily 
essential for an electrode to act in this way. Moreover, 
the present work and also that of Foresti** shows that 
the reversible hydrogen potential is taken up by the 
nickel electrode, and it must be regarded as uncertain 
to what extent oxygen or hydroxy] is adsorbed on nickel 
cathodes in aqueous solutions. 


It was possible to measure the electrode capacity within five 
seconds of breaking the electrode sheath. 

% P, Hillson and E. K. Rideal, Proc. Roy. Soc. (London) 199A, 
295 (1949). 

“B. Foresti, Atti congr. intern. chim. 2, 226 (1938). 
















































628 


On the other hand, the following argument may also 
be advanced. The limiting current, which has been ob- 
served for nickel cathodes in acid solutions by Bockris 
and Azzam* and which, as is indicated by the present 
work, probably occurs also in alkaline solutions, shows 
that the atomic hydrogen recombination reaction is 
desorptive. The maximum rate at which this reaction 
can take place is given by the value of the limiting cur- 
rent and corresponds to the complete occupation of the 
cathode surface with adsorbed hydrogen. It therefore 
follows that at currents below the limiting current, the 
cathode surface is not completely occupied with ad- 
sorbed hydrogen, and indeed, at overpotentials more 
positive than about —0.30 volt, i.e., at currents below 
that at which the Tafel line begins tending towards a 
limiting current, it appears that the stationary concen- 
tration of adsorbed hydrogen atoms emanating from the 
discharge step is inappreciable. 

The two apparently conflicting views that during 
hydrogen evolution when 7 is more positive than —0.30 
volt nickel cathodes may be virtually covered with 
adsorbed hydrogen atoms and yet the desorption of 
hydrogen atoms is a rapid process, are reconcilable by 
consideration of the recent conclusions of Rideal and 
Trapnell.*® These workers have given evidence to show 
that the heat of adsorption of hydrogen atoms on 
tungsten and nickel surfaces not only decreases with 
increasing coverage of the surface, but falls considerably 
at coverages above about 70 percent until at about 90 
percent coverage the heat of adsorption is about 5 
kcal. This evidence is supported by that of Beeck, 
Smith, and Wheeler*® who observed that about 20 per- 
cent of a chemisorbed hydrogen layer on a nickel surface 
can be pumped off in vacuo, indicating that this amount 
of hydrogen requires a heat of desorption which is 
markedly lower than that for the remainder of the 
surface (15-30 kcal). It is therefore suggested that in 
the case of hydrogen being evolved at a nickel cathode, 
the discharge step forms adsorbed atoms on a surface 
already highly covered (about 80 percent) with hydro- 
gen atoms,” but that the desorption step involves only 

% FE. K. Rideal and B. M. W. Trapnell, “Colloque sur L’Adso 
- fos Hétérogéne,” Lyon, 1949; J. chim. phys. 47, 


86 Beeck, Smith, and Wheeler, Proc. Roy. Soc. 177A, 62 (1940). 
37 Or with oxygen or hydroxy] from water (see aforementioned). 


J. O'M. BOCKRIS AND E. C. POTTER 





those atoms (or an equivalent number of the original 
adsorbed atoms) which emanated from the discharge 
step. The desorption step occurs relatively rapidly at 
the nickel cathode as a consequence of a low heat of 
desorption at high surface coverage. As the rate of the 
electrode reaction is increased, the coverage with ad- 
sorbed hydrogen increases slightly, thereby allowing the 
desorption rate to increase by virture of both an in- 
creased concentration of reactants and a decreased heat 
of desorption. This increase in coverage probably corre- 
sponds to the increase in differential electrode capacity 
observed for nickel cathodes at overpotentials more 
negative than about —0.30 volt. The beginning of the 
tendency to the limiting current, which also occurs at 
this potential, then becomes a result of the “sluggish- 
ness” of the atomic desorption step relative to the 
discharge step. 

It is relevant to consider the effect of poisons on the 
electrode reaction on the views expressed above. It is 
known that carbon monoxide can be adsorbed onto a 
nickel surface and leaves any remaining uncovered sur- 
face unpoisoned in that hydrogen will adsorb on it. 
Furthermore, carbon monoxide is not capable of dis- 
placing adsorbed hydrogen from a nickel surface.* 
Consequently, on introducing a small amount of carbon 
monoxide into a nickel cathode/electrolyte system, the 
coverage of the surface with adsorbed gas (supposed 
originally about 80 percent) increases. As a result the 
desorption step is rendered easier, by virtue of a de- 
creased heat of desorption, but the discharge step, the 
velocity of which depends on the number of free sites 
available on the cathode, is made more difficult. As the 
over-all rate of reaction is given by the over-all current 
and the discharge step is rate-determining, the over- 
potential must become more negative to accommodate 
the new electrode conditions. It is thus possible to 
account qualitatively for the fact, observed by Bockris 
and Conway,” that amounts of carbon monoxide suff- 
cient to cover only a fraction of a nickel cathode surface 
measurably increase the overpotential. 

The authors are indebted to Dr. R. Parsons for the 
use of the electronic apparatus used for charging curve, 
decay curve, and capacity studies. 


38 Q. Beeck, Advances in Catalysis (Academic Press, Inc., New 
York, 1950), Vol. II. 
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Interchange of Fission-Product Bromine with Carrier Bromine* 
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NATHAN SUGARMAN 
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois 
(Received October 4, 1951) 


Experiments on the interchange of the fission products 2.4-hr Br® and 55.6-sec Br®’ with carrier bromine 
have been performed. Essentially the same degree of interchange is effected by the following chemical 
procedures: carrier added as BrO;~ and reduced by H,S, carrier added as BrO;~ and reduced by excess 
carrier Br~, and carrier added as Br~ to HCI and irradiated uranium metal dissolved. 





INTRODUCTION 


N the study of the radiations and fission yield! of 
55.6-sec Br8’, some experiments were performed on 

the extent of interchange of carrier bromine with Br*’ 
using different carrier species and chemical procedures. 
Since it had been noted that the interchange of fission- 
product iodine with carrier iodine was not complete 
except under very special chemical conditions,? it was 
thought that perhaps similar difficulties might be en- 
countered in the interchange of bromine. 

Some indication of interchange difficulties of bromine 
was present in the work of Langsdorf and Segré* who 
observed that the recovery of tracer Br® from the 
decay of Se* in a solution containing macroquantities 
of SeOs= was incomplete when carrier bromine was 
added as Br~- and AgBr was precipitated. They found 
it necessary first to oxidize SeO;- to SeO,- with Bre 
before the chemical separation was complete. A pro- 
cedure was developed by Edwards, Gest, and Davies‘ 
for the separation of Br® from solutions containing 
macro-SeO;= in which complete interchange was effected 
by adding carrier BrO;-, and reducing the BrO;- to Br- 
with H,S. This H2S procedure has been used subse- 
quently for the radiochemical analysis of bromine in 
fission,® and in the study® of the isomeric states of Se®. 

In the experiments reported here, comparisons were 
made of the extent of interchange of carrier bromine 
with Br’? obtained by three different chemical pro- 


*This document is based on work performed at the Argonne 
National Laboratory, Chicago, Illinois. 

{Presented in partial fulfillment for the Ph.D. degree in the 
Department of Chemistry, University of Chicago. 

t Now at the Argonne National Laboratory, Chicago, Illinois. 

‘A. F. Stehney and N. Sugarman (to be published elsewhere). 
*Glendenin, Metcalf, Novey, and Coryell, Paper 279, National 
Nuclear Energy Series (McGraw-Hill Book Company, Inc., New 
York, 1951), Vol. 9, Div. IV; Katcoff, Dillard, Finston, Finkle, 
Seiler, and Sugarman, Paper 141, ibid. 

*A. Langsdorf and E. Segré, Phys. Rev. 57, 105 (1940). 

‘Edwards, Gest, and Davies, Paper 22, National Nuclear Energy 
Series (McGraw-Hill Book Company, Inc., New York, 1951), 
Vol. 9, Div. IV. 

*Glendenin, Edwards, and Gest, Paper 232, National Nuclear 
Energy Series (McGraw-Hill Book Company, Inc., New York, 
1951), Vol. 9, Div. IV. 

J. R. Arnold and N. Sugarman, J. Chem. Phys. 15, 703 (1947). 


cedures. The recovery of Br*’ was found to be essentially 
the same when the radiobromine was separated by the 
H.S procedure, by solution of uranium metal in HCl 
in the presence of Br~ carrier, and by the use of BrO;- 
and excess Br~ carriers. Similar concordant results were 
achieved in the study of 2.4-hr Br® where the time 
spent by the radioactive atoms in solution was much 
greater. It would appear from these experiments that 
complete interchange between carrier and _fission- 
product bromine is effected, using carrier bromine as 
BrO;- and Br-, whereas the analogous carriers (plus 
periodate) do not achieve complete interchange for 
radioiodine. 


INTERCHANGE STUDIES OF 55.6-SEC Br*’ 


The reduction of BrO;- with H.S, shown‘ to give 
complete recovery of Br®, was used first in the inter- 
change study of 55.6-sec Br*’. A 500-mg sample of 
uranyl nitrate was irradiated in the “rabbit” of the 
Argonne Heavy-water Pile for 45 seconds, then trans- 
ferred and dissolved in 7 ml water containing an aliquot 
of standardized KBrO; solution and some KIO;. The 
solution was gassed with H.S for 1 min, the minimum 
time necessary for complete reduction of the BrO;- 
to Br-. The Br- was oxidized to Br2 by addition of a 
heated solution containing 15 ml 0.5M KMnQ, and 
5 ml 6M HNO;; simultaneously the I- was oxidized’ 
to IO;-; and the excess H2S was destroyed. The solu- 
tion was then poured into a distillation apparatus and 
the Bre was distilled by heating the solution and passing 
air through it. This procedure is similar to that used by 
Strassmann and Hahn® in their study of short-lived 
bromine activities in fission. The air stream containing 
Brz was passed through an acid solution of Agt and 
Fe*+ for the precipitation of AgBr. Trial runs with 
BrO;- absent in the original solution showed that 
neither I, nor H:S was being carried in the air stream, 
since no precipitate formed in the Ag+— Fe** solution. 


TR. K. McAlpine and B. A. Soule, Prescott and Johnson’s 
Qualitative Chemical Analysis (D. Van Nostrand and Company, 
Inc., New York, 1933), p. 550. 

8 F. Strassmann and § Hahn, Naturwiss. 28, 817 (1940). 
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TABLE I. Interchange experiments on 55.6-sec Br®’. 


STEHNEY AND N. 








Activity ratio 


Activity, 
Br87/Ba!39 


Fission product 
c/m X1075 


Experiment isolated 





HS reduction procedure—500 mg urany] nitrate, 
BrOs" carrier, H2S reduction 


1 Br*? 7.78 3.69 
Bal? 2.11 

2 Br*? 7.60 3.35 
Bal? 2.27 

3 Br*? 7.99 3.43 
Ba'8* 2.33 


Average activity ratio=3.49+0.13* 


Uranium metal procedure—200 mg uranium metal 
dissolved in HCI containing Br~ carrier 


4 Br8? 8.57 3.58 
Ba!39 2.39 

5 Br®? 9.00 3.91 
Ba?89 2.30 


Average activity ratio=3.75+0.17* 


BrO;-— Br~ procedure—500 mg urany] nitrate, 
BrO;- and excess Br~ carriers 


6 Br’? 9.34 3.79 
Ba}? 2.46 

7 Br®? 9.75 3.66 
Ba!9 2.66 

8 Br8? 5.90 3.71 
Ba!39 1.59 

9 Br®? 7.56 4.25 
Ba}89 1.78 

10 Br’? 8.27 3.32 
Bal? 2.49 

11 Br’? 10.2 3.70 
Ba!39 2.76 


Average activity ratio= 3.74+0.19 








® Mean deviation from average value. 


The AgBr precipitate was filtered through a filter paper 
disk in a Hirsch funnel, washed with water, alcohol, 
and ether, and mounted on a cardboard card for ac- 
tivity determination. After the counting was com- 
pleted, the filter paper disk was removed from the 
mounting card, dried in an oven at 110°C for 10 min, 
and weighed to determine the chemical yield of the 
bromine carrier. 

Several determinations of Br*’ activity were also 
made by irradiating uranium metal, a strongly reducing 
medium in which the fission-product bromine might 
be expected to be in a reduced state, and thus would 
interchange readily with carrier Br~ when the metal 
is dissolved in HCl containing Br~-. This procedure is 
analogous to that used on iodine by Katcoff e¢ al.? in 
their determination of the fission yield of 6.7-hr I, 
and by Stanley and Katcoff® in their work on the fission 
yield of 86-sec I'*. A 200-mg sample of uranium was 
irradiated for 45 sec and then dissolved in dilute HCl 
containing standardized Br~ carrier and some I carrier. 
The small amount of oxide remaining in the solution was 
dissolved by the addition of 1 ml 64 HNO3;. Attempts 
to dissolve the uranium metal quickly in H»SO, or 
H3;PO, were unsuccessful, and HNO; was not desirable 
because of the possible oxidation of radiobromine dur- 


*C. W. Stanley and S. Katcoff, J. Chem. Phys. 17, 653 (1949). 


SUGARMAN 





ing the solution process. The permanganate oxidation- 
distillation procedure was used for the separation of 
bromine, and special pains were taken to prevent the 
distillation of Cl. along with Br2; namely, the use of a 
minimum quantity of HCl to dissolve the uranium 
(1 ml 6N HCl in 4 ml solution) and a preliminary CCl, 
extraction of the Br2 after adding only a slight excess of 
KMnO,. The bromine was extracted into NaHSO, 
solution and then reoxidized with HNO;—KMn0, 
solution, after which the distillation was carried out as 
in the H,S-reduction procedure. The method was 
tested for chlorine interference and no precipitate was 
found in the Agt—Fet* solution when no Br~ carrier 
was added. 

The third chemical procedure used was the reduction 
of BrO;- carrier with excess Br~ and the subsequent 
oxidation of the remaining Br~ with KMnO,. In this 
procedure, 500 mg of irradiated uranyl nitrate was dis- 
solved in a solution containing 5 ml 6M H,SO, and 
4 ml 0.05M KBr, then 1 ml 0.01M KBrO; was added. 
After stirring for 15 sec, I- carrier was added, followed 
by 15 ml 0.5M KMn0Q,. The distillation procedure was 
then performed. The I- carrier addition was delayed 
to ensure the reduction of BrO;- by Br-. 

Activity measurements were started on the isolated 
bromine samples 3 to 4 minutes after the end of the 
irradiation. Since much of the 55.6-sec Br*’ had dis- 
integrated during this time interval, thick absorbers 
were used to distinguish the hard 8- and y-radiations! 
of Br*’ from the relatively weaker radiations!® of 3.00- 
min Br**, Under these conditions only the 55.6-sec 
activity and a much less intense component of about 
32-min half-life (Br) were observed in the decay 
curves. 

Since only one determination of Br*’ was made for 
each irradiation, because of the short half-life of Br®, 
the activity of Br®? was compared with that of 85-min 
Ba® from the same irradiation. The ratio of the 
activity of Br®? to Ba™® is then a measure of the radio- 
chemical yield of Br*’. Extra samples of uranyl nitrate 
were included in each irradiation for the isolation of 
duplicate samples of barium activity, which was done 
by the HCl-ether procedure given by Glendenin." The 
activities of Br’? and Ba'®® were each measured under 
standard conditions. The results of these measurements 
are given in Table I. Column 3 gives the activity of the 
fission product denoted in column 2 measured with a 
standard absorber, calculated to the end of the irradia- 
tion, and corrected for chemical yield. The activity of 
the Br®’ was measured through 1029 mg/cm? of alumi- 
num absorber. The activity of Ba was measured 
through zero or 47.6 mg/cm? of aluminum absorber 
and calculated to zero total absorber. The ratio of the 
activity of Br®’ to that of Ba™® in each experiment }s 


10.N. Sugarman, J. Chem. Phys. 17, 11 (1949). : 

uL, E. Glendenin, Paper 288, National Nuclear Energy Series 
(McGraw-Hill Book Company, Inc., New York, 1951), Vol. 9, Div. 
IV. 
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given in column 4; the constancy of this ratio is a 
measure of the reproducibility of the interchange of 
Br*’ with carrier bromine. 

An examination of the activity ratios of Table I 
shows that the interchange effected by all three chem- 
ical procedures is the same within the determined pre- 
cision of about 5 percent. Since the procedure using 
metallic uranium would in principle be expected to 
provide complete interchange of Br*’ with carrier, it 
appears that the other two procedures also give com- 
plete interchange. 


INTERCHANGE STUDIES OF 2.4-HR Br** 


Studies of the interchange of 2.4-hr Br® with carrier 
bromine were made by the HS reduction and the 
BrO;-Br- procedures to see if the formation of Br® 
from the decay of the 25-min Se* and 67-sec Se*™ 
parents leads to chemical states that are not inter- 
changeable with carrier bromine in these procedures. 
Although it had now been established that 55.6-sec Br*’ 
interchanges to the same extent in each of these pro- 
cedures, it was possible that some difficulty might be 
encountered in the case of Br® because of the ap- 
preciable half-life of the parent species, and the length 
of time the radiobromine existed in solution before the 
radiochemical analysis. 

In these experiments, the results of the two methods 
were compared directly, since the half-life of Br® is long 
enough to allow for several analyses from the same 
solution of irradiated uranyl nitrate. Thus, it was not 
necessary to analyze for Ba™® and to compare the 
bromine activities with those of Ba'®® from the same 
irradiation, as was done in the case of Br*’. Two ex- 
periments were performed in which uranyl nitrate was 
irradiated in the Argonne Graphite Pile and dissolved 
two to three hours later and a stock solution prepared. 
Aliquots were taken for bromine analysis after a wait 
of 3 hr or more from the end of the irradiation, to allow 
for the decay of the 25-min Se® parent. In each case 
the sample was mounted as AgBr and the decay was 
followed for 3 half-lives. Corrections for chemical yield 
and decay were made to compare the activity recovered 
by each procedure. The results are given in Table II. 

In the entries designated “H.S, Extract,” the an- 
alyses were performed according to the procedure given 
for fission-product bromine by Glendenin ef al.° Carrier 


FISSION-PRODUCT BROMINE 





TABLE II. Interchange experiments on 2.4-hr. Br®. 











Experi- Activity, Recovery,* 
ment Procedure c/m % 
1 H,S, Extract 13600 100 
Br-, Extract 13000 96 
2 HS, Extract 6900 100 
Br-, Extract 6520 95 
H2S, Sweep, NaHSO; 6820 99 
Br-, Sweep, NaHSO; 6660 96 








® Percent recovery based on ‘‘H2S, Extract"’ set equal to 100. 





BrO;- was reduced for 5 min by HS to Br-, and the 
bromine was subjected to several cycles of oxidation 
and reduction, using KMnO, for oxidation and NH,OH 
-HCl or NaHSO; for reduction. The “Br-, Extract” 
experiments were made in the same way except that the 
BrO;- carrier was reduced by excess Br~ before the 
oxidation-reduction cycles. The “HS, Sweep, NaHSO;” 
and “Br-, Sweep, NaHSO;” experiments were done by 
the distillation procedure used for Br*’ except that the 
Br. was absorbed in 15 ml of 0.01M NaHSO; instead of 
the Agt—Fet* solution. The bisulfite solution was 
acidified with 1 ml of 6M HNO; and boiled for 1 min 
to expel SO: before the precipitation of AgBr. 

A comparison of the data of Table II shows that the 
activity of Br® recovered from the reduction of BrO;- 
by H,S is consistently about 4 percent higher than that 
recovered from the reduction of BrO;~ by excess Br-. 
If this difference is truly significant of more complete 
interchange in the H.S-reduction procedure, then the 
reason it was not noted in the Br*’ interchange experi- 
ments may be due to the larger scatter of the values in 
those experiments. 


SUMMARY 


The experiments on the interchange of fission-pro- 
duct Br*’ and Br® with carrier bromine show that there 
is no apparent difficulty in achieving interchange. There 
is, apparently, some significant difference between the 
chemistry of bromine and iodine such that using the 
analogous chemistry for iodine complete interchange is 
not effected. 

It is a pleasure to acknowledge the assistance given 
to one of us (A. F. S.) by the Atomic Energy Commis- 
sion in the form of a predoctoral fellowship. 
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It is shown in this paper that above the second-order transition the partition function of a rubber can be 
represented to a reasonably good approximation by the product of the partition function of a liquid formed 
of molecules similar to the chain elements and the partition function of the noninteracting chains divided 
by the partition function of a perfect gas. In terms of the free energy this means that the free energy of 
rubber will be equal to the sum of the free energy of the chain network without interactions and that of a 
liquid formed of the chain elements alone minus the free energy of a perfect gas having the same number 


of molecules as the rubber has chain elements. 


This same procedure has permitted the calculation of the free energy and partial pressure of a rubber 
solution. This is, however, by no means the only possible application. All the thermodynamic properties of 


elastomer solvent systems can be obtained. 


This is a generalization of the methods previously used in the statistical studies of rubber and rubber 


solvent mixtures. 





INTRODUCTION 


T was not until the proposal of the statistical theory 
of Guth and Mark in 1934! and Kuhn in 1936? that 
a satisfactory explanation of the elastic properties of 
rubber was available. Since then papers by Treloar,* 
Flory, Guth, and James,® and many others have ex- 
tended their ideas. For all these theories the statistical 
treatment is based on the assumption that rubber is 
formed of chain elements which do not interact with one 
another except through the chain links. This has been 
justified by the argument that the variation in potential 
energy of the chain elements resulting from near neigh- 
bor interaction between nonlinked neighbors is neg- 
ligible in the interior of the rubber. It has, of course, 
been recognized almost from the start that such a 
model could not predict all of the properties of rubber 
any more than the properties of a liquid can be pre- 
dicted from those of a perfect, even though dense, gas. 
To account for the approximate incompressibility of 
rubber in these treatments it has been necessary to 
superimpose some special additional assumptions. 
Usually the partition function of chains is deduced 
from statistical considerations and the volume is as- 
signed as an arbitrary function of the temperature 
similar to that characteristic of liquids of similar density 
and composition. 

In this paper we will attempt to validate this pro- 
cedure by integrating the theory of chains with existing 
theories of liquid structures, notably that of Lennard- 
Jones and Devonshire.* In subsequent papers we will 
show how somewhat more elaborate theories of liquid 
structures will give even better results. Despite the 
obvious imperfections of the present theories of liquid 
structure they are, nevertheless, sufficiently refined to 


1E. Guth and H. Mark, Monatsh. 65, 93 (1934). 

2 W. Kuhn, Kolloid-Z. 76, 258 (1936). 

3L. R. G. Treloar, Proc. Phys. Soc. 55, 345 (1943). 

‘Pp. J. Flory and J. Rehner, J. Chem. Phys. 11, 512 (1943). 

5H. M. James and E. Guth, J. Chem. Phys. 11, 455 (1943). 

6 J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. Soc. 
(London) A163, 53 (1937). 


throw considerable light on the more primitive concepts 
of the structure and properties of rubber. We will 
start out by assuming that the macroscopic properties 
of the system can be deduced from the canonical en- 
semble of Gibbs and we will show how certain approxi- 
mations will lead quite naturally to the existing theories. 

Let us suppose that we have a set of long chain mole- 
cules which are tied together to form an irregular three- 
dimensional network. It is just such a network which 
is usually supposed to account for the properties of 
rubber. We know that the total energy H in such a 
system of chains would be given as a sum of the kinetic 
and potential energy, 


H=) Aijpipjt+ Vig: . *Qn)s (1) 


where the #; are the generalized momentum coordinates 
and the q; the generalized position coordinates. The 
matrix elements A;; are functions of gi---gn, and the 
external parameters. They will be functions of the ex- 
ternal parameters because the ends of some chains may 
be considered to be fastened to the external boundaries 
which will consequently appear as external restrictions 
on the movements of the chains. Moving the outer 
boundaries of the sample will consequently change 
these restrictions which limit the motion of the chain 
segments. V(qi---gn), on the other hand, will be the 
potential energy of these elements with respect to one 
another. It is this quantity which is neglected in the 
previous theories of rubber. 


THE PARTITION FUNCTION FOR RUBBER 


It is known from statistical mechanics that the Helm- 
holtz’ free energy will be given by the expression In 
Eq. (2): 


A=—kT | ~f ea d (2) 
= or— eee e _ eee Qn: 
oe fee we 


7R. H. Fowler, Statistical Mechanics (Cambridge University 
Press, London, England, 1936). 
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STATISTICAL MECHANICS OF RUBBER 


Our object will be to find suitable approximations for 
the integral appearing in Eq. (2), which is the partition 
function. We will see that the nature of the approxima- 
tion which we use will determine the type of behavior 
predicted and, further, that each approximation which 
we will discuss is related rather directly to approxima- 
tions used in existing theories of the liquid state. This 
will permit us to inset the corresponding expression 
for liquids into the partition function of rubber and 
thus lead quite naturally to a more complete description 
of its behavior. 

If we substitute the expression given in Eq. (1) into 
the partition function we will obtain Eq. (3): 


1 
ae 
h" 
1 
Xemp— 2 A spipjt+V (qu + +9n) dpi: + -dqn. (3) 


Now it has been shown*:® that if we integrate first with 
respect to the momenta alone, Eq. (3) will take the new 
form given in Eq. (4), 


ae ae 


_ V(q1° ° Gn) 


xexn| Jes -+dqn, (A) 


where (a;;) represents the inverse of the matrix A,; and 
'a;;| represents its determinant. This is, of course, a 
perfectly general expression in which nothing has been 
neglected aside from the internal structure of the indi- 
vidual elements. If the interaction potential V(q1- - - qn) 
is vanishingly small then Eq. (4) will become Eq. (5): 


2p fo flea aed (5) 


It can be shown that this will be identical with the 
expression that would be obtained in any specific case 
from the hypothesis of noninteracting chains. That this 
must be so follows among other things from the work of 
Frank on the nature of entropy.!° 

In a dense, disordered aggregate such as we suppose 
tubber to be when there is no crystallinity present, it is 
usually assumed that the potential energy of the inter- 
molecular forces is adequately approximated by as- 
suming that it is a sum of terms each of which depends 
on the relative distance and orientation between mole- 
cules. Unfortunately, it is quite difficult to solve the 
integrals that are obtained under these assumptions so 


iM. V. Eidenoff and J. G. Aston, J. Chem. Phys. 3, 379 (1935). 
J. W. Gibbs, Statistical Mechanics (Longmans, Green and 
Company, New York, 1928),Chapter V. 
H. S. Frank, J. Chem. Phys. 13, 478 and 492 (1945). 
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that further approximations are necessary. It is, how- 
ever, possible to use other approximations which have 
already proved successful in the calculation of the 
partition functions for liquids. These allow the develop- 
ment of general relations between the partition func- 
tion of rubber and that of a liquid formed of particles 
which are not tied together but which have the same 
intermolecular forces. 


RELATION TO THE THEORY OF LENNARD-JONES 
AND DEVONSHIRE 


One of the simplest and most successful approxima- 
tions which has been made for the intermolecular po- 
tential field of liquids is that of Lennard-Jones and 
Devonshire in which the contribution to V of all but 
nearest neighbor pairs is neglected. >> V;; is further ap- 
proximated by a sum >) V¢;) where V¢;) is a potential 
of spherical symmetry obtained by averaging all the 
near neighbor contributions over all configurations. 
This approximation has, of course, as principal ad- 
vantage the simplicity of the results to which it leads. 
It results quite directly in a partition function which is 
the product of the partition function of a chain net- 
work, the partition function of a liquid, and an addi- 
tional factor depending on the volume. It is clear that 
such an expression will lead to the constancy of volume 
which is one of the outstanding characteristics of rubber 
as it is of liquids. It will also lead to the familiar expres- 
sion of the stress-strain relations. The assumption that 
such a partition function is possible has been implicit 
in all previous statistical theories of rubber. 

According to the Lennard-Jones and Devonshire 
theory the potential of an element will become very 
large when it leaves the center of the spherical “cell.” 
Consequently, one would expect that this would happen 
relatively infrequently. On the other hand, | a;;|#, being 
a slowly varying function of the variables 91: - + gn, will 
not change greatly when the potential energy of one 
of the chain elements deviates from its minimum. If we 
integrate, therefore, each chain element merely over 
the volumes of the cell which it is occupying, we will 
obtain a simple expression for the partition function 
which is given in expression (6), 


* faul* TI [|e 6) 
ym Akl mf xp RT Té 


where V¢;) is the potential of the chain element as a 
function of the distance 7; from the center (potential 
minimum) of its cell and dr; is the volume element of i. 
As the integration has been carried out, it is assumed 
tacitly that the chain element is confined to a given cell 
by its near neighbors which create a potential barrier; 
|;;|# could therefore be assigned the value which it 
has when each chain element is at the center of the cell 
it happens to be occupying. Since interchange of ele- 
ments between cells must be considered possible, we 
must sum up all these configurations giving the parti- 
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tion function in Eq. (7). 

—Vor 
kT 





Z : 5 . d 7 
are | vij(Que + *Qnx) | 1 fen| | ti. (7) 


gix***qn, are the values assumed by the variables q; 
when the chain elements are in the &th set of cells. If 
we replace the summation by integration of the vari- 


ables qi---gn over the volume of the sample, then Eq. 
(7) will become Eq. (8), 


- 1 f BE a P Il E la 
,=— coe q eee qn ex Tis 
h” 0% ' =1 . kT 
(8) 


where 2; is the volume of the unit cell. Let v be the total 
volume, T the absolute temperature, Lz, Ly, L, the 
lengths of the sample in the x, y, and z directions. If 
we make the substitutions 


Qo) f |= la 
Vv = ex Ti 
Mer 


Cabal s)= [+++ f laxs| gr --dom (9) 











we will obtain the expression in Eq. (10) for the parti- 
tion function of rubber. 


(kT)”/? NQ(2T) 1" 
Z=——C(ly In Ls]——] 00) 





v 


This has the form postulated. To see that this must 
be the case it will suffice to write the partition function 
for a liquid on the same assumptions. This is given in 
Eq. (11). 


1 1 
iad 3N/2- (eT) NV — 
Zi raed, Lae) ] = (11) 


Equations (10) and (11) differ in the fact that one has 
the partition function for a chain divided by 2; as a 
factor and the other has 1/N !. The differences occur, 
therefore, in the term which expresses the communal 
entropy. The communal entropy in rubber will depend 
on the external parameters and in particular on the 
external stresses. It is this which gives rise to the 
characteristic elastic properties. If now we find ex- 
pressions for the Helmholtz free energy for both these 
systems, we will obtain Eqs. (12) and (13). 


A,= kT] ad N log—+N 1 a] (12) 
r= —kT| — log——N log— og |; 
Pie ey 


r3N 2nmkT 
A,=—kT| — log 
L 2 h? 





—logN!+N logo} (13) 





A, will be the Helmholtz free energy of rubber and Az, 


F. W. BOGGS 


that of the corresponding liquid. By elimination be. 
tween (12) and (13) it is possible to obtain Eq. (14), 


—(3N—n) , kT 3N 


Ay=As~H1| og—— — log2am 
r 2 


v 
+logC—N se ieee 1 (14) 
i 


We know from previous work that logC will be equal to 
NI(L2+L,?+ L/) where [ is a constant proportional 
to the concentration of crosslinks in the system and 
L,, Ly, Lz are the dimensions of the sample. If the 
forces acting on the sample are F,, F,, and F, in the 
xyz direction, respectively, then we must have F,, 


0Ar, 
ee: yl. (15) 


Lole 
hae 
v Ov 
Similar relations will hold for F, and F,. If F, and F, 


are 0 we will obtain the usual equation for the stress- 
strain relations: 





Pe= NeT| 20L.— 


Vv 
2rweT| L.-—]-P. (16) 


z 


If we wish to calculate the volume of the sample of 
rubber as a function of the temperature, we can first 
obtain an expression for the pressure by writing 
L,=L,=L,=0'; then we will obtain Eq. (17) for the 
pressure. 
0A, NkT 
— 2° NkTv *4+-—_—-——= — p. (17) 
ov v 


The volume will of course be obtained by setting Eq. 
(17) equal to 0. If we make the dubious assumption that 
Van der Waals’ equation is a valid approximation for the 
equation of state of a liquid at high temperature and 
small volumes it is possible to obtain an equation which 
when solved will give us a qualitative idea as to how 
the volume behaves as a function of the temperature. 
The relation is shown in Eq. (18) and its solution is 
plotted in Fig. 1, 

2rb! 1 1 a/b 


(o/b)! 0/b—1 o/b (v/b)2*kT 








(19) 


It is apparent that at high temperatures the volume 
approaches a constant, while at low temperatures there 
will be a temperature coefficient of expansion. The 
volume obtained is of reasonable magnitude, some 
thing of the order of 6. It will increase with the tem 
perature and decrease slightly with increasing modulus; 
that is, with an increasing number of crosslinks. Both 
of these effects have been observed. Had a better equ 
tion of state been used we would obtain still mot 
plausible results but much numerical work would be 
required. 
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STATISTICAL MECHANICS OF 


THE THEORY OF SWELLING 


If rubber is immersed in an appropriate solvent it will 
absorb the solvent and increase in volume. The degree 
of swelling is related to the number of crosslinks in the 
sample and to the nature of the solvent. The expression 
of Flory and Rehner" relating the percent swelling of 
the sample to the energy of interaction of the polymer 
and the solvent can be obtained from the model of 
rubber which we are developing as we shall show. There 
are many other possible theoretical developments which 
will occur to the reader and which can be carried out 
without great difficulty. 

We will suppose that there are, in the interior of the 
polymer sample, two types of spherical molecules of 
which types one is strung in an irregular network, and 
the other is completely free to move about. The parti- 
tion function of such a system will be given by Eq. (19) 
which is similar to Eq. (4). 


(24m) 8N2/2(RT)(n’ +3N2) /2 


hn’ +8N2N,! 


x foe falterrtdgy day (19) 


r— 





' is the number of degrees of freedom of the network of 
Y, units and NV» is the number of unattached units. We 
divide by N2! because of the free interchange of the 
molecules 2, but we do not divide by 1! because this 
type is tied together in long chains. We will have two 
types of cells in such a system. Let us, therefore, divide 
our sample into NV, cells of volume 2; having the first 
type of molecule at their center, and N»2 cells of 
volume v2 having the second. Let Vi be the po- 
tential field acting on the particle in the cell of type 1, 
and V2 be that acting on the particle in the cell of type 2. 
If = fexp(— Vi/kT)dr; and Q2= fexp(— V2/kT)dr2 
by a reasoning similar to that previously used, we will 
obtain the partition function given in Eq. (20). 


(2am) 3N2!/2 CQ,%10,%2 


T ye'+8N2N 9! [(Nyor-+ Nov2)/Ni)™* 





(20) 


Since the average potentials V; and V2 will depend on the 
composition of the sample, this must also be true of Q 
and 2. The total volume » will, of course, be equal to 
Vin+N 202. Following the procedure which we used in 
the previous case, we will write the partition function 
lor a liquid mixture similar to the polymer. This parti- 
tion function is given in Eq. (21). 


» (2amkT)*N1+ ND 0, NIQ.N2 ar 
NIN aD ' 





The chemical potentials of the second component of 
the tubber and of the corresponding liquid will be ob- 
lained by differentiating the logarithms of Eqs. (20) 


"P. J. Flory and J. Rehner, J. Chem. Phys. 11, 521 (1943). 
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and (21) with respect to V2. We can eliminate the terms 
in 2; and Q: between these two equations, which gives 
us Eq. (22). 


-¢ Mi Mr— BL 
Ve] — logC—— |= . 
v kT 


(22) 


In Eq. (22) yu, is the chemical potential of component 2 
in the rubber, and yz is the chemical potential in a 
similar liquid. 

If the swollen rubber is in equilibrium with the liquid 
phase, then the chemical potential 4, must be equal to 
the chemical potential us of the liquid in the pure state. 
If in addition we suppose that logC=3N I'v! as we did 
in Eq. (17), we obtain Eq. (23), 


V2 Yo\? %] MSL 

oe i 

v1 v v kT 
where 2 is the volume of the unswollen sample. Equa- 
tion (23) indicates that the percent swelling would in- 
crease as ws approaches uz. This is, of course, what we 
would expect. The expression does not hold exactly 
when pws=uz because at this point it predicts that the 
percent swelling should be infinite. This means that the 
chains would be infinitely extended. The Gaussian 
approximations for the number of chain configurations 
which gives logC = NTs is not valid so that the theory 
of the finite chain should be used. 

Equation (23) is closely related to the results ob- 
tained by Flory and Rehner." Its advantages are that 
it is valid for molecules of different volumes and that it 
justifies the use of partition functions of liquids which 
are already known in the calculations of the partition 
function of rubber. It also justifies the use for these 
calculations of certain empirical or semiempirical rela- 
tions which have been found to be applicable to liquids. 
In this way it is possible to extend considerably the 
theory of high polymer solutions. We illustrated this 
point for a one-component system when we used Van 
der Waals’ equation to calculate the volume of rubber 
as a function of the temperature and the number of 
crosslinks. We will illustrate this again by calculating 


(23) 























Fic. 2. Ratio of partial pressure of selvent P’ in rubber to the 
vapor pressure of pure solvent Po as a function of volume fraction 
of solvent. 


the partial pressure of a solvent over a solution of rubber 
in the solvent as a function of the volume fraction. 

If we let 13=v2, Eq. (23) can be rewritten to give us 
Eq. (24), 


Sa p exp(2T'vptx!+-x), 

Po po 
where # is the partial pressure of the solvent over a 
solution of which one component is essentially the 
monomer, and the other solvent p’ is the partial 
pressure over the swollen polymer, and is the vapor 
pressure of the solvent. x is the volume fraction of the 
rubber. It is possible to substitute for p/p» expressions 
for the partial pressure of the liquid mixture of the 
monomer and the solvents which may be obtained from 
the theory of liquids or from direct measurements. 

If we use the expression calculated from the theory of 
strictly regular solutions developed by Rushbrooke” 
then we can calculate p’/) and we will obtain the set 
of curves given in Fig. 2. These curves have been cal- 
culated assuming that the number of crosslinks is 
negligibly small. p’/p» is plotted for different values to 
2W an/ZRT where W 42 is defined by Rushbrooke as the 
energy required to change a pair of like molecules of 
one type (AA) and a pair of molecules of a type (BB) 
into two pairs of type AB. It is, therefore, closely re- 
lated to the difference in cohesive energy density. Z is 
the number of nearest neighbors of a given molecule. 
We see that when 2W48/ZRT is sufficiently small there 
will always be a one-phase system. However, when 
2W 42/ZRT increases, the system will separate into two 
phases, one of which is pure solvent and the other the 
polymer solution. 

If the number of crosslinks is appreciable, the curves 
plotted in Fig. 2 will all be raised above the values which 
we have given. If the degree of swelling is large, it would, 
as was previously indicated, be necessary to use the 
partition function for a finite chain rather than a Gaus- 
sian approximation. In any case, the effect of the cross 
links will be to reduce the swelling, a result which is, 


# G.S. Rushbrooke, Proc. Roy. Soc. (London) A166, 296 (1938). 
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Fic. 3. Ratio of partial pressure of solvent P’ in rubber to the 


vapor pressure of the pure solvent Po as a function of volume 
fraction. 















of course, familiar. In Fig. 3 we have a comparison 
between the partial pressure of various solvents in 
rubber for various volume fractions. The solutions are 
supposed to be ideal. The data is taken from the article 
of Lens. It can be seen that the results fit the exper- 
mental facts. 













CONCLUSIONS 


The existing theories of rubber can be related to the 
theory of liquid structure of Lennard-Jones and Devon- 
shire and approximate relations can be found between 
the partition function for a liquid formed of interacting 
spheres and a rubber model consisting of chains of 
spheres in which the forces of interaction are the s»me. 
These results allow us, among other things, to expiain 
the incompressibility of rubber. Although this work, 
so far, has not yielded anything essentially new, it 
places on a much firmer basis the relations which have 
previously been obtained for the modulus and the 
swelling of rubberlike materials. 

We have not touched, in this paper, on the possi- 
bility of explaining the different transitions which art 
known to occur in elastomers. Although it is formally 
possible to suppose that below a certain temperature 
free interchange of particles becomes impossible, ont 
cannot predict @ priori at what temperature this 
would occur. A recent discussion of this same point in 
connection with the theory of liquids was published by 
Kirkwood." This immobilization of chain elements 
would, however, clearly lead to embrittlement. In 4 
subsequent paper we hope to consider the results o 
using, not the simple model of Lennard-Jones and 
Devonshire, but a model in which the mean force of 
interaction between pairs is used. 
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The Influence of First-Order Rotational Resonance Interaction on Certain Bands in the 
Infrared Spectrum of the Allene Molecule* 
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The Coriolis coupling between two degenerate vibrations in allene has been discussed. This theoretical 
treatment gives a satisfactory explanation of the main features of two perpendicular bands, which have been 
observed in the infrared absorption spectrum of this molecule between 8 and 14y. An analysis of the nuclear 
spin statistics has been carried out in order to account for the intensity alternations and to help in identifying 
the Q branches. A derivation of the frequency formula has been given on the basis of ordinary first-order 
perturbation theory. Some emphasis is laid on the ambiguity in notation and the relation of this formula to 
others, reported in the literature. After making some reasonable assumptions with regard to the geometry 
of the molecule, we have obtained numerical values for the band centers and the various Coriolis coupling 
coefficients. A tentative suggestion has been made in partial explanation for the appearance of satellites 


between the main Q branches in the spectrum. 





I. GENERAL INTRODUCTION 


N this paper we present a theoretical discussion of 

two perpendicular type of bands in the infrared ab- 
sorption spectrum of the allene molecule, which were 
measured by Miller and Thompson.! These authors 
reported a convergence of the Q branches in the funda- 
mentals towards the sides of the bands, which are 
adjacent to each other, and a divergence of these Q 
branches towards the outer sides (see Fig. 1). They 
recognized that this phenomena was the result of a 
Coriolis coupling of two twofold degenerate frequencies, 
which lie fairly close together. 

The allene molecule, C3H,,? belongs to the point 
group Dea(= Va). In the equilibrium configuration the 
three carbon atoms lie on a straight line (taken to be the 
zaxis) and the two CH: groups are oriented in such a 
way that two hydrogen atoms, e.g., a and 8, lie in the 
wz plane, and the other two, c and d, in the yz plane 
(see Fig. 2). The classical vibration problem has been 
discussed by Herman and Shaffer.’ Figure 3, taken from 
their paper, shows the independent degenerate modes 
of oscillation ; the actual normal vibrations will be linear 
combinations of these. The location of the bands to be 
discussed in this paper (8-14) strongly suggests that 
we are dealing with C—C—C bending vibrations. This 
means that the two interacting modes of oscillations are 
essentially wi9 and wy, mixed to a small degree with 
some of the wg and wy (in the notation of Herman and 
Shaffer; see Fig. 3). Since we cannot obtain the exact 
linear combination owing to a lack of our knowledge 
of the various force constants involved, we shall simply 
denote the interacting vibrations by w, and w,’. 

Rotational resonance interactions (Coriolis coupling 


between frequencies, which are accidentally degenerate) 
es 


*This work was assisted by the ONR under Contract No. 6 
onr-22526, NR 019-123 with the Ohio State University. 
C. lam and H. W. Thompson, Proc. Roy. Soc. (London) 
* Throughout this paper we are referring to the C” isotope. 


1949 C. Herman and W. H. Shaffer, J. Chem. Phys. 17, 30 


have first been discussed by Nielsen, mainly in con- 
nection with the formaldehyde molecule.*~* Miller and 
Thompson! succeeded in fitting their data on allene 
approximately into a formula of the form of the one 
derived for formaldehyde. In doing so they rather arbi- 
trarily identified the lines at 836.5 cm™ and at 1028.5 
cm~ as the first lines of the "0 branches of bands A 
and B, respectively. 

We shall first consider the nuclear spin statistics of 
allene, and this investigation leads to the result that the 
first line of the "Q branches has to be strong in a scheme 
of strong weak intensity alternation. We shall therefore 
relocate the band centers and show that the experi- 
mental data, properly reinterpreted, fit excellently into 
an equation which was first derived by Nielsen’ within 
the scope of his general theory of the rotation vibration 
energies of polyatomic molecules. In this paper we shall 
briefly indicate how the resonance interaction problem 
involved may be treated more directly by ordinary 
first-order perturbation theory. We shall stress the fact 
that in allene, where we are dealing with resonance 
between vibrations which are twofold degenerate, the 
formula for the frequencies, although similar to that 
derived for resonance between nondegenerate fre- 
quencies (such as in formaldehyde) will differ from it 
in some important respects. 

After making reasonable assumptions about the 
geometry of the allene molecule, our analysis will lead 
to numerical values for the band centers, the Coriolis 
coupling constant between the two frequencies, and the 
two Coriolis interaction constants between the two 
components of each degenerate vibration. 

Miller and Thompson! have pointed out that between 
the intense Q branches other absorption maxima occur 
which cannot be entirely the result of an overlapping 
by the subsidiary P and R branches. Clearly, one recog- 


nizes certain “satellites” and the main Q branch at 


4H. H. Nielsen, Phys. Rev. 55, 289 (1939). 

5H. H. Nielsen, J. Opt. Soc. Am. 34, 521 (1944). 
°H. H. Nielsen, Phys. Rev. 68, 181 (1945). 

7H. H. Nielsen, Revs. Modern Phys. 23, 90 (1951). 
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845.5 cm™ has an almost equally strong neighbor at 
847.5 cm“ (Fig. 1). We suggest that the irregularities 
may be partially understood by taking into account the 
difference in effective moments of inertia between the 
ground state and the excited state. However, certain 
anomalies remain and we feel that a completely satis. 
factory explanation requires the results of new experi- 
ments with a higher resolution. 





II, NUCLEAR SPIN FUNCTIONS AND THE STATISTICAL 
WEIGHT OF THE ROTATIONAL VIBRATIONAL 
LEVELS; ALTERNATING INTENSITIES IN THE 
INFRARED ABSORPTION SPECTRUM 


Since nuclei with spin } obey Fermi-Dirac statistics, 
the total wave function for the allene molecule must be 
antisymmetrical with respect to the interchange of any 
pair of protons. Consequently, the quantum statistical 
weights of the vibration rotation levels in the (electronic 
and vibrational) ground state can be determined by 
using group theoretical methods outlined by Wilson! 
The results of such an analysis, details of which need J derive 
not be reported, are given in Table I. theor 
Within the scope of this paper, we are interested in % molec 
the intensities of the infrared absorption bands corre- & first s 
sponding to excitation of the fundamentals of certain & tion. 
degenerate vibrations (see the general introduction % and re 
above, and Fig. 3) and associated with transitions % pertuz 
AJ=0, AK=+1. As is well known, the square of the § turba' 
transition moment, summed over all orientations of J, restric 
is given by®!° formu 


pertur 
(J4K)(JFK+1) , The 


16J(J+1) the pr 
(1/hc) 





(A sro, xz)"= 


for K¥0. For K=0, Eq. (1) would lead to a value ¥, 
but the correct number is $.%!° This factor 2 con- 
pensates for the fact that the average statistical weight 





12 +1 -10 -9 








1 


Fic. 2. Equilibrium configuration of the allene molecule. 


been replaced by the K values as introduced in section III of the present paper. Hence, the index 1 corresponds to the first lines of the "Q branches, etc.) 


i | 





8 E. Bright Wilson, Jr., J. Chem. Phys. 3, 276 (1935) ; furthe 
references given in this paper. 
‘G. Herzberg, Infrared and Raman Spectra of Polyatomk 
" olecules Ae Van Nostrand Company, Inc., New York, 19%) 
ter LV. 
10D. M. Dennison, Revs. Modern Phys. 3, 280 (1931). 











Fic. 1. Fundamental absorption bands of two degenerate vibrations in allene. (Taken from Miller and Thompson, reference 1. The arbitrary indices used by these authors have 
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ROTATIONAL RESONANCE INTERACTION 


for the state K=O is only half that number for the 
states |K|=2p (p=1, 2, 3, ---; see Table I). Hence, 
the final result is that throughout the entire absorp- 
tion band there will be a 5/3 alternation; the lines of 
strong intensities originate from transitions |K|=2g 
+|K|=2g+1, and the lines of weak intensities are 
associated with | K|=2¢-+1—>| K|=2g, where g=0, 1, 
2,3, --+ (hence, g, contrary to the parameter p pre- 
viously used in this section, includes the value 0). 

This analysis shows that the lines at 836.5 cm™ and 
at 1028, 5 cm™ cannot be associated with the transition 
K=0—K=1 (as was assumed by Miller and Thomp- 
son'), but rather suggests that the next lines on the high 
frequency side should be identified with these (if we 
choose the next lines on the low frequency side instead, 
the distribution of lines on both sides of the center 
would become rather asymmetrical). 


III. THE PERTURBATION PROBLEM 


The energy formula for the perturbed states has been 
derived by Nielsen’ within the scope of his general 
theory of the rotation vibration energies of polyatomic 
molecules. In Nielsen’s treatment the Hamiltonian is 
first subjected to a certain type of contact transforma- 
tion. Although such a procedure provides an elegant 
and relatively simple way of dealing with second-order 
perturbation problems, it obscures the first-order per- 
turbation calculation to which the present paper is 
restricted. Therefore, we shall briefly indicate how the 
formula concerned may be derived by direct ordinary 
perturbation theory. 

The Coriolis coupling, which we discuss, arises from 
the presence in the Hamiltonian of the following terms: 


(1/he){ Core’2?[ (wer/we) 4g.1Ps2— (ws/ws')*qeroPs1 | 


+f s2071°[ (wsr/ws) MgeoPer 
asso (w, /04') Qs Ps2 |} (P2/T.). (2) 


Fig, 3. Degenerate modes of oscillation of the allene molecule. 
(Taken from Herman and Shaffer, reference 3.) 
ee 
"In exactly the same way we may derive the corresponding 
results for fully deuteriorated allene, C3D,. We fa an alternation 


ot the same type as in CsHy, but with a strong/weak ratio of 5/4 
on of 5/3. Hence, we can predict that the intensity alterna- 
On “d ne em bands of CsD, will be less pronounced 
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TABLE I. Weights of the vibration rotation levels in the electronic 
and vibrational ground state of the allene molecule. 





(p =1, 2, 3, +++; multiply all weights by 2J +1) 
Weights 





J even | 
J odd 3 
Average 5 


K=0 


|K|=2p 
|K|=2p+1 


All J values 10 
All J values 6 








Here the q,. refer to the normal coordinates of the 
degenerate vibrations with frequency w,; the p,, are 
the conjugate momenta. P, is the z component of the 
total angular momentum, which in the usual representa- 
tion is diagonal in the quantum number K, and /,‘*” is 
the equilibrium moment of inertia along the z axis. 
The {see'e’*” are Coriolis coupling coefficients, which 
depend in a complicated manner on the normal coordi- 
nates associated with w, and w,, and it follows from 
their definition that 


si Se1e'2 _ Sere. . : (3) 


Next we replace the g,. and ,, by their equivalents in 
cylindrical polar coordinates r, x. The matrix com- 
ponents for the transformed expression may then be 
obtained from those for r,e+** and e***, (prabipy,), 
evaluated by Shaffer” and by Nielsen,’* respectively, 
and recalling that the matrix components of P, are 
simply Kh. The work is quite straightforward and need 
not be reported in detail. It shows that the Coriolis 
interaction between the vibrations w, and w, couples 
the states (V,=1,/,=1, V..=0, /,,=0, K) with (V,=0, 
1,=0, V..=1, 1..=1, K) on the one hand, and (V,=1, 
1,=—1, V.=0, l,.=0, K) with (V,=0, /,=0, V,-=1, 
l,.=—1, K) on the other hand. In both cases the inter- 
action term (nondiagonal element) is equal to 


KB f 55° (wer/s) *+ (w,/we’) *] 
S2KBMO EK, (4) 


Here, B.“*? =h/(82°J.‘*c) as usual and, in view of Eq. 
(3), we have written {,,°” for 162%” and for — { 4261”. 
Replacing the expression [(ws'/w.)!+(w,/w.’)?] by the 
factor 2 is legitimate, because w, and w, lie fairly close 
together.* To obtain the energies we diagonalize the 
two secular determinants which have the nondiagonal 
elements given by (4) and diagonal elements of the type, 


Evinr+ By? J (J+1)+ (By) — By) K? 
<n 2By“) KD ok ss? l,. (5) 


The constants ¢,,‘**) determine the Coriolis interaction 
between the two components of the degenerate pair of 
vibrations associated with w,. We shall neglect centrif- 


2 W. H. Shaffer, Revs. Modern Phys. 16, 245 (1944). 

13H. H. Nielsen, Phys. Rev. 77, 130 (1950) ; see also reference 7. 

14 One may verify this a posteriori by using the numerical values 
for wy and w, as computed in section IV. 
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ugal stretching terms in Ey, and put all By equal to 
B.. We easily obtain the roots of the secular determi- 
nants, which after subtracting the energy of the 
molecule in the normal state, in our approximation 


Evie’ + BeI (I+ 1)+ (BL ag B.”)R, (Sa) 


yield the frequencies of the two fundamentals A and B 
of Fig. 1: 


Wst Ws’ 





w(4*) = —_— (B,?) — B,) 





Ws — We . 
+ All : +K(f,,49— Serer) Be 


“fe 4K? (BL & 55" wy 


$50 S ar g(t 
sax {f-(EEE) Daoo—aenl, (6 


where the index K can take on all values 0, +1, +2, 
+3, ---. Positive K values refer to the "Q branches 
(AK=+1) with the understanding that the first line 
of this branch (K=0—K=1) corresponds to K=1. 
K=0 and negative K values in Eq. (6) yield the 70 
branches in such a way that K=O corresponds to the 
first line (K=1—K=0). The & index of each line, thus 
defined, is given in the upper half of Fig. 1. Several 
remarks must be made in connection with Eq. (6): 

(1) We have assigned values in accordance with 
the convention adopted by some authors (e.g., Denni- 
son, Nielsen; see, however, remark (2) below). Others 
(e.g., Herzberg) assign K values in such a way as to 
make the K=0 line the first line of the "Q branch. A 
choice between the two systems of notation is entirely 
a matter of convenience; our way of assigning K values 
leads to simpler formulas. 

(2) Although the rather arbitrary index K and the 
rotational quantum number K are obviously closely re- 
lated, we prefer to denote them by different symbols 
(many authors use a K throughout). 

(3) If we neglect the Coriolis coupling between 
w, and wy (put ¢s.°%=0 or assume that |w,.—w,| 
predominates the square root term), Eq. (6) reduces to 
the following two: 


WA= Ws (B,“ — B.”) 
+2K{[1—f45? JB. -—B.”} (7a) 


we= we — (Be) — B”) 
+2K{[1— foe |B — B=} (7b) 


(x=0, +1, +2, +3, ---). 





These formulas are of course well known. They appear 
in a slightly different form than elsewhere, which is 
partly because of our choice of notation as explained 
in remarks (1) and (2) above. In addition one usually 
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gives K positive values only, in which case the term 
multiplying this index has to be written with a + sign, 
+ referring to the AK=+1, and — to the AK=~—} 
transitions. Our notation eliminates this + sign and 
thus avoids confusion with the + sign in Eq. (6), 
which is of entirely different origin. 

(4) If f50°* = fare =0, Eq. (6) reads 







Wst ws! 





_ (BL?) —B,&) 


Ws'— Ws\? 
+, (= 7 ) +4908 fe) | 


4+2.%(B,() — B=) 
(K=0, +1, +2, +3, er °). (8) 


w(47)= 
















This formula should be valid if the interacting vibra- 
tions are nondegenerate. Indeed, Eq. (8) is identical 
with the formula, derived by Nielsen*:’ to explain the 
structure of two resonating bands in the formaldehyde 
spectrum.!® This was the formula used by Miller and 
Thompson! in describing the perpendicular bands in 
allene. We have here demonstrated that Eq. (6) should 
be used instead and a comparison of these equations 
clearly shows that an essential differences arises as a 
result of the appearance of a term linear in K in the 
square root term of Eq. (6). We shall see in sec. IV 
that this term is by no means negligible. This difference 
between Eqs. (6) and (8) is not immediately apparent 
from the less explicit form in which these formulas 
were given by Nielsen.’ 















IV. INTERPRETATION OF THE OBSERVED 
SPECTRUM 


In Table II we have collected the observed fre- 
quencies for eighteen lines (nine at each side of the 
center) of both band A and band B.! Since we have 
neglected centrifugal stretching and differences be- 
tween the constants By and B,, we cannot expect our 
equations to be valid to a great degree of accuracy when 
values of K higher than these are involved. We stress 
again that although our K=O lines are the same 4s 
Miller and Thompson’s K=0 lines, our K has been 
defined in a different way. 

From Eq. (6) we obtain 


[o(B) ]ae+Lo(A) Je = (wet oe) —2(B) — BB.) 
+45 {[1— (Sos +f 6r0")/2 B29 — B?} (9a) 
{ (Lw(B) Je — Lw(A) 150) /2}? = ( (wer — we) /2}? 
+KB,O" (5,559 — sre") (wer — Ws) 
HFK (S52 — Serer )"(BoE)P FA (Coe? B?))?}. (9) 
By using Eqs. (9a) and (9b), and the method of least 


squares, we find that the frequencies of the thirty-sis 
lines of Table II can be best represented by the 


18 FE. S, Ebers and H. H. Nielsen, J. Chem. Phys. 5, 822 (1937): 
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following formula, 


o(43) = 932.6-+/[9181.4+ 36.60K+36.34K7] 
+9.00K. (10) 


Deviations from this equation average 0.4 cm™ and are 
at most (in very few cases) 0.8 cm™. This is certainly as 
good as could be expected as a result of a first-order per- 
turbation treatment of this kind. 

In order to calculate the band centers and the various 
Coriolis coefficients, we have to make certain assump- 
tions about the geometry of the allene molecule. Miller 
dnd Thompson suggested 


( rc-c=1.33A (a “pure” C=C distance) 

| rc-n=1.07A (a slightly shortened C—H 
, bond) 

_LH-—C—H=120° (pure s2 hybridization of the 
| end C atoms). 

At present there is no evidence to support an essentially 
different choice of these constants. They yield 


I) =5.8X10- g cm?, B.?) =4.83 cm“, 
and 
1, =96 & 10-4° g cm?, 


hence, 
hence, B,“?=0.29 cm. 


Using these B, values, we can calculate the w’s and ¢’s 
by comparing Eqs. (6) and (10). The final results are 


w®, = 850.0 cm 
ws = 1,042.3 cm 


fa" = 0.067 
Coriolis constants4 ¢4"4"7 = —0.050° 
beer = 0.621. 


In deriving Eq. (6), we tacitly assumed that 


Bye = Bye = BS. 


Band centers| 


Without making this assumption the following extra 
terms would occur in the expression for the frequencies: 


(By,(*=) — Boe) J (J+ 1)+?(By, (2) 
— By,” — Bo) + By) 


(compare Eqs. (5) and (5a)). The only consequence of 
the term in K? would be that Eqs. (6) and (10) will 
become inaccurate at high values of this index. Dr. 
Harald H. Nielsen has drawn the author’s attention to 
the fact that the term (Bv,.‘*)— Bo”)J(J+1) may 
very well be responsible for the appearance of “satel- 
lites” of the main Q branches as observed by Miller 


TABLE II. Calculated and observed frequencies. 








Band A (# in cm™~) 
Observed* Calculated> 


755.5 754.7 
766.6 766.1 
777.1 777.3 
787.7 788.1 
798.1 798.5 
808.2 808.7 
818.3 817.9 
827.6 827.8 
836.5 836.8 . 
845.5 845.4 
854.0 853.7 
862.0 861.5 
869.5 869.1 
876.5 876.2 
883.5 883.1 
889.6 889.7 
895.8 896.0 
901.8 902.5 


Band B (w in cm™) 
Observed* Calculated» 


967.2 966.5 

973.3 973.1 

980.0 979.9 

986.8 987.1 

994.2 994.7 
1002.4 1002.5 
1010.5 1011.3 
1019.4 1019.4 
1028.5 1028.4 
1038.0 1037.8 
1047.1 1047.6 
1058.3 1057.7 
1068.5 1068.1 
1079.1 1079.0 
1090.2 1090.1 
1101.6 1101.5 
1113.3 1113.2 
1125.1 1124.7 
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8 Miller and Thompson, reference 1. 
b This paper, Eqs. (6) and (10). 


and Thompson (Fig. 1). In particular, such a term might 
in principle account for the satellites in band A, 
provided we assume 


By,» > Bo” (in other words, ay, is negative). 


As far as we can see, this phenomenon alone cannot give © 
a satisfactory explanation for the occurrence of satel- 
lites at both sides of the main peaks, such as we observe 
in band B. It seems desirable that additional informa- 
tion, obtained with a higher spectral resolution, be- 
come available before a more complete and more satis- 
factory explanation can be aimed at. 
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Note added in proof:—After this paper went to press, the author 
was informed that R. C. Lord and P. Venkateswarlu, at M.I.T., 
recently carried out a new spectroscopic study of gaseous allene, 
and also investigated allene-d,. In interpreting some of their 
data, they independently derived certain results, reported in 
Secs. II and III of the present paper. Although the author has 
not yet seen a copy of the manuscript, which will be submitted 
for publication by Lord and Venkateswarlu, private correspond- 
ence with the former has established that no discrepancy exists 
between our theoretica] investigations. It appears, however, that 
some of the numerical results derived in Sec. IV of the present 
paper may have to undergo minor revisions in the light of the new 
experiments referred to above. 
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Calculations are performed on a simple model to show that dilute solutions of asymmetric particles possess 


a frequency dependent intrinsic viscosity and a rigidity. The model used is that of a solution containing 
elastic dumbbells, that is, particles consisting of two rigid bodies held together by elastic forces. Part of the 
rigidity would also arise from inelastic dumbbells and is caused by a force, usually neglected, as a result of 
b-rownian motion. An additional rigidity is caused by the elastic nature of the dumbbells. At sufficiently low 
or high frequencies the results approximate a form similar to the ordinary dispersion formula for the dielectric 
constants of solutions and involve two relaxation times, one at low frequencies and one at high frequencies. 
The results for inelastic dumbbells are described by one relaxation time and follow the usual dispersion curve 


for all frequencies. 








INTRODUCTION 


ECENT measurements performed at the Bell Tele- 
phone Laboratories! on the viscosity of dilute 
solutions of high polymers have shown the existence of 
both a shear viscosity and a rigidity. The rigidity was 
found to be caused by the characteristics of the indi- 
vidual, noninteracting, polymer molecules, whereas pre- 
vious measurements had shown a rigidity attributable 
only to the intertwining of separate molecules. In an 
attempt to ellucidate the fundamental nature of the 
visco-elastic behavior of solutions as illustrated by 
these experiments, the following investigation was 
undertaken of a very simple model: a solution contain- 
ing elastic dumbbells, that is, particles consisting of two 
rigid bodies held together by elastic forces. 

At about the same time that the present work was 
originally carried out, Kirkwood? formulated a general 
approach to the visco-elastic behavior of polymer solu- 
tions, but in this first paper he made no attempt to 
obtain detailed results. In a second paper, Kirkwood 
and Auer® investigated the behavior of a rigid rod-like 
macromolecule consisting of a large number of equally 
spaced identical friction centers lying in a straight line. 
The present work is in substantial agreement with the 
results of Kirkwood and Auer but also includes the 
effects of inherently elastic particles. In general, a 
dispersion in the viscosity accompanied by a rigidity is 
found to result from the rotation of a rigid, asymmetric, 
inelastic body, as well as from an inherently elastic body. 
The contribution of the rigid body motion arises from a 
hitherto neglected force as a result of the molecular 
impacts of the solvent. 

In conventional analyses of the viscosity of solutions, 
the forces considered may be one or more of the follow- 
ing: the hydrodynamic forces, which may be caused by 
an over-all fluid flow or be a result merely of the 
resistance that the fluid offers to motion of the body; 


* National Research Council Predoctoral Fellow; now at 
Columbia University, New York 27, New York. 

1 Baker, Mason, and Heiss, Phys. Rev. 75, 1301 (1949). W. P. 
Mason, Trans. Am. Soc. Mech. Engrs. 69, 359 (1947). 

2 J. G. Kirkwood, Rec. trav. chim. 68, 649 (1949). 

3 J. G. Kirkwood and P. L. Auer, J. Chem. Phys. 19, 281 (1951). 
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external forces, such as an electric field tending to orient 
a body containing a dipole; and internal forces, of which 
an example is the hindering torques in polymer chains. 
Inertial effects are usually neglected. The sum of these 
forces and torques sometimes averaged over all orienta- 
tions is ordinarily set equal to zero, thus neglecting the 
forces caused by Brownian motion. It is these latter 
forces that have been included in both Kirkwood’s work 
and in the present paper. 

The first stage in the following calculation is the 
determination of the Brownian motion distribution 
function which describes the probability of a dumbbell 
being at a given position with a given orientation. This 
distribution function is used to calculate the contribu- 
tion of the Brownian motion to the forces on the 
particles. From these forces the stresses added to the 
solution by the particles are determined, and from the 
stresses the incremental viscosity is calculated. 














SPECIFICATION OF THE MODEL 






The dumbbells are considered to be immersed in 4 
homogeneous liquid. They consist of two identical 
centers of friction with friction constant f at the ends 
of an elastic rod of negligible cross section and of sufi- 
cient length to prevent hydrodynamic interaction be- 
tween the friction centers. Thus, the hydrodynamic 
forces on a dumbbell are determined, if one neglects 
acceleration, by the forces on the two ends. These are 
given by 










(vi— R,)f, (1) 


where R, is the velocity of the end of the dumbbel 
designated by (1), and v; is the velocity of the fluid « 
the location of this end. The concentration of the dumb- 
bells will be considered to be small enough to avoil 
complications caused by interactions between adjacetl! 
dumbbells. 

The elastic forces are specified by a potential energy 
V given by 












=}«L|R.—R2| —aP, 2 


where «x is the force constant, @ the equilibrium sepa 
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VISCO-ELASTIC EFFECT 


tion between the two ends, and R; and R; the vectors 
locating the ends. 

The fluid is subject to an external transverse oscilla- 
tory motion in the X-direction of velocity »(Z) exp(iwt). 
This motion is propagated in the Z-direction and the 
circular frequency of oscillation is given by w. In the 
neighborhood of the center of a dumbbell, located by the 
vector R with components X, Y, and Z, the velocity 
may be represented by the first two terms of a Taylor 
series, 


o(Z)=0(Z)+a(Z)[Z—Z], (3) 


where a(Z)=(0v/0Z)z. This approximation is valid if 
the wavelength of the transverse motion is large com- 
pared to the length of the dumbbell. 

It will be convenient to specify the position of a 
dumbbell by a vector to its center, 


R=(R,+R.)/2, (4) 


with components X, Y, Z, and by a vector representing 
the separation of one dumbbell end from the other, 


r=(R,—R:)/2, (S) 


with components x, y, z. The components of the 
separation of the ends will be expressed in polar coordi- 
nates r, 8, gy with the polar angle 6 measured from the 
y-axis, and the azimuthal angle gy measured from the 
z-axis. Thus, 


x=rsin@sing, y=rcos#, z=rsinOcosg. (6) 


The six Cartesian components of R; and R: will be 
represented by the general symbol Q*. The components 
X,Y, Z, r, 0, and ¢ will be designated by the general 
symbol g*. The quantities i, j, and k will represent unit 
vectors along the x, y, and z directions. In transforming 
from the Q*’s to the q*’s in the ensuing calculations, use 
will be made of the following quantities: 

The metric tensor g;; is defined by 


aQ* aQ* 


is (7) 
0q* 0g? 


§ig=2 


It has the values: gyx=gr7r=g7z=£rr=2; goo=2r’; 
and g,,=2r? sin’@. The other components vanish. The 
determinant of the metric tensor, g=det| g;;| , is 64r‘ sin’0. 

A component of the force F; on a dumbbell end in the 
0* coordinates is related to a component G; in the gq? 
coordinates by 


0Q* 
G;=2,F.—, 


THE BROWNIAN MOTION DISTRIBUTION 
FUNCTION 


It will be assumed that the Brownian motion is 
adequately described by a distribution function which is 
the solution of the appropriate generalized diffusion 
equation, the Fokker-Planck equation.‘ In the gq’ 
coordinates this equation is 


av 1 a 2. 
e| 2D -a]|, 


—=—t;— 


ot gt agi 


(9) 


dq‘ 

where ¥ is the distribution function and D* is a com- 
ponent of the diffusion tensor. The g/ are the velocities 
caused by the action of the external forces and are 
determined by the condition that, neglecting accelera- 
tions, the work done on the particles must vanish. The 
relations obtained are 


ae, eee 
Gi=2.f*G,=-2F —, 
f aQ (10) 


Gi=Z5fisq’, 


where the friction tensor f;; is given by f:;=fgi; and 
where f*? is the reciprocal of f;;. The forces F; on the 
dumbbells are the sum of the components of the first 
term, fv, of Eq. (1) and of the negative gradient: of the 
potential energy V in Eq. (2). The velocity v in Eq. (1) 
is determined from Eq. (3). 

The diffusion tensor D“ is evaluated by the condition 
that, when equilibrium is established in a force field _ 
derivable from a potential, the distribution function is 
represented by the appropriate Boltzmann factor and 
each component of the diffusion current, 


ov 


—2ZDi—-+ qv, (11) 
0q* | 


vanishes. These considerations lead to the well-known 
result 


Dii=kT fit. (12) 
It is of interest to note that each component of the 


total convection velocity, caused by both external forces 
and Brownian motion, is given by 


éln¥ ; 
— ZDt—$—_+-¢!. 
ey : 
With Eqs. (10) and (12) it is seen that the Brownian 


motion may be thought of as exerting an additional 
force on the particles of magnitude 


(13) 


0 In¥ 


(14) 
dq? 


*S. Chandrasekhar, Revs. Modern Phys. 15, 41 (1943). 
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If the indicated calculations are performed, the 
diffusion equation in 7, 8, g may be written as 











of av 
kT ot 
10, FAW 2«as2r afr 
=| + (—-1) eS sinrsinae | 
r? Or dr kT X\a kT 
1 0d, fov af 
< sino] —— ay sin2@ sin2 °| 
r? sin?@ 00 06 2kT 
1 dfav 2af 1 
| —r*W sin?6 cos?g |. (15) 
r?sin?@ dgLdg kT a 


The terms in R, the coordinates of the center of a 
dumbbell, have been omitted because the distribution 
function may be considered to be independent of these 
coordinates. The center of a dumbbell follows the 
motion of the fluid, R=iv(Z). 

We will be interested in solutions of this equation 
which are linear in the velocity gradient a= ap exp(iwt), 
so that the distribution function may be written in the 
form 


V(r, 9, 9, t)=WVo(r, 8, g)L1+aX(r, 8, ¢) J. (16) 


Wo is the steady state solution for a=0 and is therefore 
given by the Boltzmann distribution with the potential 
energy V of Eq. (2): 


Wo=A exp(—V/kT)=A exp(—s?), 


s=1/e[(2r/a)—1], 
e= (2kT/xa?)} 


and A is a normalization constant. 

An exact solution of the equation resulting from the 
substitution to first order in a of Eqs. (16) and (17) in 
Eq. (15) has not been obtained. Before proceeding to the 
approximate solution, however, it is of interest to 
consider two special cases. The first case is that of 
inelastic dumbbells for which 2r=a. The solution is 
readily found to be 


where 


(17) 





3arTo 
V6, Y) t) aa Al 1+ 


. 


sin?@ sing cose (18) 
+1wTy 


where ro= fa?/12kT. The second special case is that for 
elastic dumbbells held at a fixed orientation , go. The 
appropriate distribution function is 


a 


saidian expC —#] 2uLe(1-+iwrs) 


ee 





sin?) singo COSgo}, (19) 
1+iwre 
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where 71=3¢’r9=f/2x and r2=7;/2. For the case of 
negligible interaction between the rotational and vibra- 


_ tional motion, a superposition of these two special 


solutions should be an approximate description of the 
distribution of rotating elastic dumbbells. Such a solu- 
tion would thus involve the relaxation time 7» related to 
the rotational motion, and the two relaxation times 7, 
and 72 related to the vibrational motion. The effect of 
the vibration on the rotation is reduced if the motion is 
restricted in such a way that the relative vibrational 
displacements (2r—a)/a are small. The mathematical 
expression for this condition corresponds to e being 
small, as can be seen from the following considerations: 
we note first that if «1, then |s|>>|es|. Because of the 
Boltzmann factor exp(—s?), the distribution function is 
negligible if |s| is much larger than 2, and thus the 
distribution function is only appreciable if | «s|<2. 
Since es is the relative displacement, the condition of 
small ¢e insures that the relative displacement is small 
under conditions where the distribution function is not 
negligible. 

The mean square vibrational displacement in the 
absence of a velocity gradient is kT/x and thus é is 
twice the ratio of the mean square displacement to the 
square of the equilibrium separation of the dumbbell 
ends. The variable s is 1/v2 times the ratio of the 
relative displacement to the mean square relative dis- 
placement. Small ¢ means, of course, that the elastic 
forces in the dumbbell are large compared to the 
thermal forces. 

Proceeding to the solution of Eq. (15) for small ¢, we 
obtain to first order in a after substituting Eqs. (16) and 
(17) and putting 


Q(r, 6, ¢) =R(s) sin’6 sing cos¢, (20) 


R"(s)—2[s— e(1+ es) ]R’(s) 
—6€[iwrot+ (1+ 6s) JR(s)+1270e5(1+¢€s)=0. (21) 


Expanding in powers of ¢, this equation becomes 


R'(s)—2[s—e+ es— es?+ es3+ - - - ]R’(s) 
— 6e[1+iwro—2es+3e’s?+ --- |R(s) 
+127 es(1+¢s)=0. 
Three solutions are possible depending on the value of 


wto: (1) OSwrr<Me 7; (2) 0wrn~er«e?; and (3) 
e<wrty~e. These solutions are 


(1) OSame 


370 é 
R,(s)= [St 1— Siar) 
Yo 2 


+6roes[1 —3e*(yo— Yo") ] 


+3 res? 1 —3€*(iwro—3+3y07') J; (22) 
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16) and 


(20) 


-¢5)=0. 


value of 
and (3) 


I, (22) 








(2) wro~w ee 
roe? : : 
R,x(s)=- [1 Biers +4 ior) 
WT 1 
3é 9e4 
— oh. 





a 2 | érse 1—iwr; 


i 
iwt, (iwr;)? 





94 13 
+ (iwr1)?— (iwr1)?—3e+- +5¢ian] 


1WT1 


9 
+3rats 1—iwte+ Giors-+-e | (23) 


(3) wro~w €? 


3é? 


3roe? 








R;(s) = [3+ 2iwt1— 


1WT1Y1Y2 twr1V1¥2 


13 
x (3+ ati eiaiiediie Giwr)*) | 








Ores 3+iw7) 
at 


71 7172 
3ro¢?s*[ 


+ or 





9+2iwr 
| (24) 


Ys 27172 


where Yo=1+iwto, Yi=1+iwr71, and y2=1+iwre. To 
higher order in ¢, terms in s* and higher powers must be 
included in the solution. It will be noticed that, to order 
é, Ri(s) and R3(s) reduce to Ro(s). If —2779€s?(2yov2)— 
and 1879es(yoy1)~ are added to R;(s), the terms in s 
and s* hold for all three cases, but R(s) and R;(s) 
involve a simple superposition of relaxation times only 
to order e. The solutions to Eq. (15) may thus be put in 
the form 


V(r, 6, ¢, t) 
=A exp(—s*)[1+ aR(s) sin’@ sing cos¢], (25) 


where R(s) is given by one of Eqs. (22) to (24). 
THE INCREMENTAL VISCOSITY 


The increase in the viscosity of the solution over that 
of the pure solvent, the incremental viscosity, is readily 
determined for a solution of dumbbells by calculating 
the total shearing stress in the solution. If S,. is the 
total shearing stress in the x-direction across a plane 
with normal in the z-direction, S,,° that part of the 
stress caused by the pure solvent, and S,,’ that part 
caused by the dumbbells, then 


S2z=S2°+S 22 =7(00/0Z), (26) 


Where 7 is the viscosity of the solution and (d0/8Z) is 
the rate of shearing strain in the x-direction caused by a 
fluid velocity ». 
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« The contribution of the dumbbells to the stress S,’ 
"across an arbitrary plane with normal v arises from the 


force transmitted by dumbbells which are cut between 
their two ends by this plane. Let U; be the force exerted 
by the liquid above the plane on one end of a dumbbell. 
This force is transmitted through the dumbbell to its 
other end, which exerts a force of —U.=U, on the 
liquid. The stress is the sum of these forces for all the 
dumbbells which cut unit area of the plane. Consider a 
cylinder of length, given by 27, equal to that of a 
dumbbell with its midpoint cutting unit area of the 
arbitrary plane and with its axis making an angle y 
with the normal v. The number of dumbbells with 
centers in this cylinder is 2mr cosy where m is the 
number of dumbbells per cubic centimeter. Those 
dumbbells with centers in the cylinder and length 2r, 
which are oriented along its axis, cut the arbitrary plane. 
The number of such dumbbells is 2ur cosy Vr'dr sinOdéd ¢, 
where ¥ is the normalized Brownian motion distribution 
function and y must be expressed in terms of 6 and ¢ 
for any given orientation of the arbitrary plane. 
Multiplying this quantity by the force U and inte- 
grating over all r, 6, and ¢ gives the total stress, which 
may be expressed as 


S,/=1S »,/+5S »»’+kS,,’=2n(Uir cosy)w, (27) 


where the average of a function f(r, @, y, ¢) is given in 
terms of the Brownian motion distribution function V 


by 
(f(r, 9, Y, t)) av 


c) T 2x 
f ar f ao f T(r, 9, 9, U(r, 8, 9, Br? sinddg 
0 0 0 


2 td 2r 
f dr f dé f Wr’ sin’0d¢ 
0 0 0 


The forces are proportional to a, so the linear effects are 
obtained by using Wo in place of VY in performing the 
averages in Eq. (27). 

The force on a dumbbell end is given by Eq. (1), 
where the particle velocity R, is obtained from an 
equation of the form of Eq. (13). It is most convenient 
to calculate these forces in the g* coordinates. The 
contributions from the fluid velocity cancel, leaving a 
term in the logarithmic derivative of the distribution 
function and, in the radial part only, a term resulting 
from the elastic force. This elastic term is cancelled by 
the derivative of the Boltzmann factor Yo, and each 
component can be reduced, to first order in a, to an 
equation of the form 


U,=akT(a2/dr), (28) 


where @ is given by Eq. (20) with R(s) by Eqs. (22) to 
(24). Similar expressions hold for the other components. 
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Examination of these forces for the case of rigid 
dumbbells is of interest. With Eq. (18) for ¥(@, ¢), 


Us=(fa?/2)(6:—6 5) 
= (afa?/8)(1+iwro) sin26 sin2¢, 


U_=(fa’/2)(¢i— $p) 
= (afa?/4)(1+iwr 9) sin? cos2¢. 


At high frequencies Up and U, vanish, so that the 
motion follows the rotational component of the fluid 
flow with velocities 6,=6,=(a/4) sin2@sin2g and 
¢1= ¢»= a cos’y. This conclusion is not unreasonable if 
it is recalled that inertial effects have been neglected. At 
low frequencies 6=0 and ¢=a/2, velocities that corre- 
spond to the average values which would have been 
obtained if Brownian motion had been neglected and the 
dumbbells had been assumed to be in random orienta- 
tions. These are the values of the velocity which would 
have been used in the conventional treatment of 
intrinsic viscosity.® 

The forces given by Eq. (28), together with the 
equations for the other components, are transformed to 
the Q* coordinates using Eq. (10). After performing the 
integrations over the angles, the nonvanishing stress 
components become 


S22=S22= a(nkT/15)(r(OR/dr)+3R)w. 


The integrals over r reduce, when s is substituted for r, 
to expressions of the form 


(29) 


A] 


(1+ €s)"R(s)Wo(s)ds. 


—l/e 


By using an asymptotic series for the error integral,® it 
may be shown that the lower limit can be replaced by 
—oo to the order of ¢ that has been retained in the 
solutions. If R(s) is written as 


R(s)=A+A%s+A5?, 
the stress becomes 
S22=S,2= a(nkT/15)[3A%+A% EC 
+ (44424 @e) (e—}e*)+ (5/2)A? (1+ e) ]. 
If we write the intrinsic viscosity, which will be 
complex, as 


n= not An= 1 —in” 
=notAn’—idn”, 


where 7 is the viscosity of the solvent and Ax is the 
incremental viscosity as a result of the presence of the 
dumbbells, we have, with Eq. (26) with a=(d2/dZ), 


An! —1An” = aS 22. 


The rigidity is given by u=Ap=wAn”. The results, 
which for simplicity are given to only first order in e, 


5 P. Debye, J. Chem. Phys. 14, 636 (1946). 
6 E. T. Whittaker and G. N. Watson, Modern Analysis (Cam- 
bridge University Press, London, England, 1927), p. 341. 
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become, for the three frequency ranges, 


(1) OSar«Ke" 





An’ = (nfat/60) 2+ | 
1+ w?r,? 





Am'"= (nfa%/20)- 
1+ w?ro? 


(2) wro~e 


Ano’ =nfa*/30, 





9% 22wr 
Ane’ = e(nfa?/60) |—* | 


IWT1 € 


(3) wro~we? 


Ans’ = (nfa?/30)(1+'r7), 
An: = (nfa?/30) (wr1)(1+- 71’). 


For the range of low or high frequencies there is the 
usual type of relaxation effect, depending on a single 
relaxation time, either 7» or 71. The second vibrational 
relaxation time 72 does not appear to first order in e, and 
to higher orders in € the results can no longer be 
represented by a simple superposition of relaxation 
phenomena. 

At low frequencies the imaginary part of the incre- 


mental viscosity vanishes and the real part reduces to 


the results which would have been obtained by the 
conventional type of treatment that neglects Brownian 
motion and makes use of velocities averaged over 
random orientations. 

The vibrational contribution, unlike the rotational 
relaxation effects, does not depend, in the case of small 
interaction between rotation and vibration, on Brownian 
motion. Thus, if it is assumed that the rotational motion 
follows the liquid motion, the results to first order in ¢, 
for wro~e, could also be obtained from purely 
mechanical considerations. The radial motion would be 
determined by the equilibrium between the hydro- 
dynamic and elastic forces: 


t+ (a/271)[(2r/a)—1]=2ar sin?6 sing cos¢ 
which gives, for small displacements, 
(2r/a)—1=(a73)(1+iwr,)— sin’ sing cos¢. 
The radial force on the dumbbell is then 
U,=(afa)(1+iw71)™ sin’6 sing cos¢. 


Calculation of the stress using Eq. (27), assuming 
random orientations, gives results identical to those 
above for wro~ €. 

If the parameters, such as the viscosity of the solvent, 
the friction constant, and the dumbbell force constant, 
are independent of temperature, the temperature de- 
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pendence of the incremental viscosity is determined only 
by the temperature dependence of the relaxation time. 
Under these restrictions, the rotational relaxation time 
would vary inversely with the absolute temperature, 
whereas the vibrational relaxation time would be inde- 
pendent of the temperature. 

It is to be expected that any unsymmetrical body 
which will tend to be oriented in a transverse velocity 
gradient should show dispersion of the viscosity of the 
rigid body type, and thus protein solutions should 
exhibit a dispersion of viscosity and a rigidity. 

The rotational relaxation time for the dumbbells is 


inversely proportional to the rotational diffusion con- 
stant, 2kT/fa?, and it would be expected that other 
types of bodies would have relaxation times related to 
their particular rotational diffusion constants. There 
should thus be a direct correlation between the rota- 
tional friction constants found from measurements of 
flow birefringence and the rotational relaxation times. 
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The absolute infrared absorption intensities of the fundamental vibrations of HCN and DCN have been 
measured, using the pressure broadening technique. These measurements yield the bond moments yo-# 
=+1.13d, ucan=-+1.80d and show that if C is positive in the C=N dipole, H is positive in the C-H 
dipole. The change in moment with internuclear distance is found to be 0u/drc-q=+1.05d/A, du/drcean 
= +0.66d/A. Two of the three anomalous peaks in the band »; of HCN are shown to arise from the dimer 


of HCN. 


INTRODUCTION 


HE change in dipole moment due to the displace- 
ment of the atoms of a molecule determines the 
absorption intensity of a fundamental vibration. If the 
intensities of enough normal vibrations can be measured, 
therefore, the “effective bond moment” of the various 
bonds and the change in this moment with internuclear 
distance can be calculated. Such calculations usually 
involve the approximation that the intensities depend 
only on the first-order terms in the dipole moment 
expansion and the quadratic (i.e., harmonic) terms in 
the potential energy function.! 

Both of these approximations are good ones for 
fundamentals. Of course, it is necessary to know the 
complete harmonic potential function in order to cal- 
culate the atomic displacements correctly and in the 
case of some molecules (e.g., N2O,? CNCI,? COS‘), 


*Based on a thesis presented by G. E. Hyde in partial fulfill- 
ment of the requirements for the degree of Doctor of Philosophy, 
Brown University, 1951. 

tWhile not directly supported, this work received assistance 
from ONR. 

{Present address: E. I. duPont de Nemours and Company, 

arlin, New Jersey. 

'B. L. Crawford, Jr., and H. L. Dinsmore, J. Chem. Phys. 18, 
983 (1950). 

— Wells, and Wilson, Jr., J. Chem. Phys. 15, 157 


*E. R. Nixon and P. C. Cross, J. Chem. Phys. 18, 1316 (1950). 
‘D. Z. Robinson, J. Chem. Phys. 19, 881 (1951). 


this has been the chief problem. Finally, the additional 
assumption has been made in some reported work that 
all moments are developed along bond directions 
(stretching motions) or perpendicular to them (bending 
motions). This assumption is equivalent to the assump- 
tion that there are no induced moments in a molecule 
and has led to serious difficulties and contradictions 
(e.g., in ethylene’). 

This work was undertaken chiefly to compare the 
C—H bond in HCN with that in CHy,, for which ap- 
parently reliable measurements are available, both 
from infrared absorption® and infrared dispersion 
measurements.’ In addition it was of some interest to 
compare the C=N bond with those previously studied 
in cyanogen and cyanogen chloride, although in these 
cases the potential function was known only approxi- 
mately.* In HCN and DCN one could expect to have a 
reasonably exact potential function and consequently 
reliable normal coordinates; in addition, the symmetry 
of a linear molecule restricts the dipole moment change 
to directions along the molecular axis (stretching vibra- 
tions) or perpendicular to it (bending vibrations) so that 
no assumptions are necessary on this score. A compari- 
son of the results in HCN and DCN affords an over-all 


check on the reliability of the experimental techniques 
——— EE 


5 A. M. Thorndike, J. Chem. Phys. 15, 868 (1947). 
®R. Rollefson and R. Havens, Phys. Rev. 57, 710 (1940). 



































648 


and on the effect of higher order terms in the dipole 
moment and potential energy expansions. Furthermore, 
it eliminates certain ambiguities of sign which occur in 
the calculations. 

A second reason for our interest in these molecules is 
the peculiar envelope of the weak C=N stretching 
vibration »; of HCN which, instead of the charac- 
teristic P—R structure of a parallel band ina linear 
molecule, shows three sharp closely spaced peaks. The 
structure of this band has never been satisfactorily 
explained. 

The only previously reported absorption intensities 
in HCN are the high resolution measurements by 
Foley’ on individual vibration-rotation lines of the 
bending mode v2. After correcting for the effect of 
finite resolution and pressure broadening, he used his 
data to calculate the “effective dipole moment” of the 
vibrational transition. If these results are used to calcu- 
late the dipole moment of the C—H bond, a value of 
1.04d is obtained.§ This is sufficiently different from 
the value 0.31d in CH, to warrange further study. 


EXPERIMENTAL METHOD 


The present investigation employed the pressure 
broadening technique of Wilson and Wells* to measure 
the integrated absorption intensity over a complete 
vibration-rotation band. This quantity is defined as 


tod 
A= f a,dv=— f In—dv, 
pd 


where a, is the absorption coefficient at the frequency 
v, p is the sample pressure, / is the path length of the 
cell, Zo is the intensity of the radiation of frequency v 
which is incident on the cell, and J is the intensity trans- 
mitted. It has been shown by Wilson and Wells that 
although the real spectrometer does not measure this 


(1) 
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Fic. 1. Experimental intensity measurements for »; 
of HCN and DCN. The lower curve is HCN. 


7H. M. Foley, Phys. Rev. 69, 628 (1946). 

§ Thorndike and Wilson obtained 0.57d from the same calcula- 
tion but apparently made an error. 

8 E. B. Wilson, Jr., and H. A. Wells, J. Chem. Phys. 14, 578 
(1946). 
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quantity, the two experimental quantities 


1 To 
B=— | In—dp (2) 


pl T 

1 T)—T 
C=— J ( Ja», (3) 

pl To 
where 7 and T are the measured intensities of incident 
and transmitted radiation, both approach A as #/— 
under certain conditions. These are that J does not 
vary rapidly over a slit width and (a) that the absorp- 
tion coefficient is nearly constant over a spectral slit 
width or (b) that the resolving power does not change 
much over a spectral slit width. 

The rotational structure of a band normally causes 
a, to change radically within a slit-width but this is 
remedied by the introduction of a sufficient pressure of 
broadening gas. In this work the rotational structure 
was broadened with 63 lb/in.? absolute of nitrogen. The 
adequacy of this broadening pressure was checked by 
studying the area (C) under the measured absorption 
bands of v2 and v3; in HCN at both 29 lb/in. and at 
63 lb/in.? Over a range of pl from 0.0154 to 0.130 cm 
atmos for v3 and 0.0083 to 0.074 cm atmos for v2 the 
results were sufficiently similar so that it was con- 
cluded that the higher pressure was adequate. 

The measurements were carried out on a double 
beam infrared spectrophotometer, which plotted per- 
centage transmission directly.° A CaF, prism was used 
to study the two stretching vibrations and a KBr prism 
for the bending vibration. The resolution varied from 
6 to 13 cm™ but the integrated intensity is very insensi- 
tive to the resolution. The approximate peak to peak 
noise level on the records was 1 percent and the stray 
light in the KBr region did not exceed 1 percent. 

The quantity plC for », and v3; of HCN and DCN 
was measured directly with a planimeter on the re- 
corder tracings. In each of these cases there was a change 
of about 10 percent in dispersion from one end of the 
band to the other. Since most of the area lay within a 
region of much smaller change, it was not considered 
necessary to replot the records and the dispersion was 
taken as that at the band center. 

The bending vibration v2 of both HCN and DCN 
occurs in a spectral region where the frequency scale on 
the record is quite nonlinear. The records were therefore 
replotted with a linear frequency scale. To minimize 
the errors resulting from the strong Q-branch they were 
replotted on semilog paper and the quantity B, which 
converges faster to A than does C, was measured. 

The cell used in this work had a path length of 26.0 
cm. Both windows (KBr) were at one end of the brass 
cell and an internal mirror reflected the beam from the 
entrance to the exit window. It was found that the 
Neoprene gaskets originally used on the windows ab- 


and 





* Hornig, Hyde, and Adcock, J. Opt. Soc. Am. 40, 497 (1950). 
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sorbed HCN so that Teflon gaskets were substituted. 
Under these circumstances there was a slight leakage 
problem so that runs were made at 10-minute intervals 
and extrapolated back to the filling time. In a typical 
extrapolation the measured areas were 12.48 cm? 
(11 minutes), 12.22 cm? (20 minutes), and 12.10 cm? 
(30 minutes). The extrapolated area at zero time was 
12.6 cm?. 

When DCN was introduced into the cell, exchange 
took place, presumably the result of adsorbed water on 
the metal and windows. In this case the DCN band and 
the corresponding band of the HCN impurity were 
measured alternately and extrapolated separately to 
the areas at zero time. The DCN absorption was then 
corrected for the presence of the HCN. 

The HCN was prepared by the reaction of H2S with 
reagent grade Hg(CN)2 and by the reaction of HO, 
P,0;, and KCN. The DCN was prepared from D,O, 
PO;,and KCN. The gas was mixed and diluted with N» 
toa pressure of one atmosphere in a glass bulb. Portions 


OCN, 
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Fic. 2. Experimental intensity measurements 
for ve of HCN and DCN. 


of the diluted gas were then passed into the cell where 
nitrogen was added to a total pressure of 63 lb/in.? for 
pressure broadening. In the case of the lower gas pres- 
sures two successive dilutions were carried out. 

Only a single band was studied at a time and, for each 
cell filling, the band was scanned two or three times. 
Thereafter the cell was evacuated, the gas mixture 
discarded, and an entirely new gas mixture used for the 
next measurement at another sample pressure. For all 
but »; of HCN, the very weak band, two completely 
independent sets of runs were made, including separate 
preparations of the gas. 


RESULTS 


The results obtained are plotted in Figs. 1-3. The 
slopes of these curves are the quantities C (Figs. 1 and 
3) and B (Fig. 2), and the slopes at zero equivalent 
path length are the desired ‘quantities A. The curious 
upward curvature exhibited by the HCN curve in 
Fig. 1 will be discussed later. The failure of some of the 
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Fic. 3. Experimental intensity measurements 
for v3 of HCN and DCN. 


curves to pass through zero is probably the result of 
base line errors and window absorption. In particu- 
lar, the perfluoro grease used to seal the windows had an 
absorption band near v2; of DCN and on one of the two 
runs on this band such absorption could be observed 
on the records. So long as it was constant throughout the 
run it caused no error in the slopes. The limiting slopes 
of the two curves for v2 of DCN are nearly equal. 

The derivative of the dipole moment’ with respect to 
the normal coordinate is given in terms of the quantity 
A by the expression! 


A=Nr/3e(du/0Q)’, (4) 


where A is in units of cm!/(cm atmos), N is the number 
of molecules of gas in 1 ml at N.T.P. and c is the velocity 
of light in cm/sec. The measured values of A and du/dQ 
are given in Table I. For the bending vibration v2 the 
experimental A must be divided by two before applying 
Eq. (4) to take account of the double degeneracy. 

These results may be compared with those of Foley 
who obtained for the dipole moment matrix element of 
the v2 transition (Foley’s d) 1.47 10-"* cgs units. Since 
he apparently took no account of the degeneracy of v2, 
this value should be divided by 1/2, yielding 


0 
D//2= | woi| = ao are 1.04X10-'cgs units (5) 


and 
+0yu/d0Q=52.5 esu. (6) 


This result is 8.1 percent smaller than that given in 
Table I, but the results certainly agree to within the 
combined experimental errors. The agreement is par- 
ticularly gratifying because the experimental methods 
used are so different. 


TABLE I. Infrared intensities and (du4/0Q)’s in HCN and DCN. 











HCN DCN 
Fre- Fre- A 
quency (cm"/em +04/0Q quency (cm~!/cm +0y/dQ0 
Band (cm~) atmos) (esu) (cm!) atmos) (esu) 
v1 2089 0.64 4.5 1921 12 20 
v2 712 204 57 569 61 31 
V3 3312 241 88 2629 136 66 






















TABLE II. Force constants of HCN and DCN. 
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ki X1075 k: X10 Riz X107* 
Equation used dyne/cm dyne/cm dyne/cm 
HCN (8and9),DCN8 5.62 18.66 —0.64 
DCN (8and9),HCN8 5.62 19.04 —0.24 
Average 5.62 18.85 —0.44 
Richardson 5.63 19.15 —0.22 
ACCURACY 


A consideration of the errors involved in measuring 
the intensity of absorption shows that the combined 
errors in the measurement of C (or B) probably do not 
exceed 10 percent. The uncertainty in the slope of the 
extrapolations is of the order of 3 to 5 percent in 
vy, and v3 of HCN and DCN, and 10 to 15 percent for 
ve of both gases. The two independent determinations 
of the intensity of each band checked to from 4 to 10 
percent. Therefore, the absolute accuracy of the in- 
tensities reported is probably in the range of ten to 
twenty percent; the moments and derivatives are 
probably accurate to better than ten percent. 


POTENTIAL FUNCTION AND NORMAL 
COORDINATES 


The most general form of the vibrational potential 
energy for the stretching vibrations of HCN and DCN 
in the harmonic approximation is 


2V =hy(Ars)?+ ho(Are)?+2h12Ari Are. (7) 


Where V is the potential energy, Ar: and Are are the 
displacements from equilibrium of the C—H (or C—D) 
and C—N distances, k; and kz are the corresponding 
force constants and 2 is the interaction constant. 
From the standard treatment of the vibrational problem 
one then obtains 


Art As= (uatuc)kit (uct un)ke—2uckw, (8) 
Ai As= (unuctuaeNt+McuN) (Rike— his”), (9) 


where \;=47°v?c?, v; is the frequency in cm™ and y; is 
the reciprocal of the mass of the ith atom. If it is as- 
sumed that the corresponding k’s are identical in HCN 
and DCN, the frequencies of Table I may be used in 
Eqs. (8) and (9) to solve for the force constants. Be- 
cause of the effect of anharmonicity two solutions can 
be obtained, depending on which set of three equations 
is used. The results are summarized in Table II to- 
gether with those obtained by Richardson from the 
study of DC®N and DCN." For lack of any better 


TABLE III. Bond moments in HCN and DCN. 











(du/d0)/u =C—H =“C=N 
HCN + 1.11d 1.82d 
_ —0.23 3.16 
DCN + 1.16 1.77 
0.24 2.69 


choice the averaged values were used in subsequent 
calculations. The normal coordinates for HCN are then 


Q1=0.528X 10-"Ari+3.26 X10-VAre, —(10) 

Qs= 1.141 10-"Ar;—0.808X10-PAr2, (11) 
and those of DCN are 

Q1=1.290X 10-"Ari+2.85 K10-"Ar2, 

Q3= 1.213 X 10-"Ar,—1.858X 10-" Are. 


(12) 
(13) 


The bending motion is one-dimensional and the 
results obtained for the two molecules are 


kp=2.46X 10-” (HCN) 
dyne cm 
wate (14) 
radian? 
= 2.48 10-" (DCN), 
Q2=1.17X10-*°A@ (HCN) 
15 
= 1.47X10-*°A@ (DCN), ” 


where kg is the bending force constant and Aé is the 
angle of bend. 


TABLE IV. Bond moment derivatives in HCN and DCN. 











(84/901)/ 
Gas (u4/8Q2) +0u/dri (d/A) +0p/dre (d/A) 
HCN + 1.025 —0.562 
— 0.977 —0.856 
DCN + 1.055 —0.664 
_ 0.547 — 1.786 








BOND MOMENTS 


If wc-n and yo=n are the dipole moments of the 
respective bonds, the dipole moment of the molecule is 


HCN = Mc-H+Uc=N- (16) 


The moment developed perpendicular to the axis when 
the molecule is bent is 


du da 0p 
—= c-H—— HCan—, (17) 
dé 00 00 


where a and £ are the angles between C—H and C=N 
bonds in the bent molecule and the axis of the molecule 
at equilibrium. The positive sign of both bond moments 
is taken in the same direction. From Table I and Eq. 
(15), du/d0 for HCN and DCN is +0.669d and +0.4604, 
respectively, and Smyth" has determined ywucn 4 
+2.93d. If Eqs. (16) and (17) are solved simultaneously 
and it is assumed that upon is equal to unon, the re 
sults given in Table III are obtained. 

Comparison of the results for HCN and DCN 
shows that the positive value of the ratio is correct; 











10 W. S. Richardson, J. Chem. Phys. 19, 1213 (1951). 


 C, P, Smyth and K. B. McAlpine, J. Am. Chem. Soc. 56, 1697 
(1934). 
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HCN AND DCN BOND MOMENTS 


that the mean bond moment of the C—H and C—D 
bonds is +1.13d and of the C=N bond is +1.80d. 

In solving Eqs. (17) and (18) simultaneously we have 
assumed that the effective moments in the bending 
vibration are equal to those in the equilibrium configura- 
tion. However, the validity of this assumption (which 
has been customary heretofore) is a serious question in 
the interpretation of infrared intensities and it is not 
at all obvious that it must be correct. For example, if 
the hybridization about the carbon atom does not 
change when the proton is displaced perpendicular to 
the axis of the molecule, the effective moment would be 
just that of the proton, erc_y or 5.06d, and independent 
of the electronic charge distribution. If the hybridiza- 
tion does change, one can still not be certain that the 
moment of the deformed bond is the same as that at 
equilibrium since the amplitude of deformation in the 
first vibrational state is about 15°. Nevertheless, the 
fact that the moments obtained in HCN and DCN 
check so well, although the amplitudes differ consider- 
ably, supports the original assumption. 

Alternatively, these moments can be calculated 
without assumption or recourse to dipole moment data 
from the solution of Eq. (17) for both molecules. This 
yields wo-n=1.14d, uoen=1.75d and predicts a dipole 
moment of 2.89d for the molecule, in excellent agree- 
ment with that found directly by Smyth. 

Although we cannot establish the absolute sign of the 
dipole moments, these results do demonstrate that the 
sign of the H—C and C=N dipoles is the same in 
HCN, i.e., if C is the positive end of the C=N dipole, 
then H is the positive end of the H—C dipole. This is of 
some importance since there is considerable doubt about 
the sign of the C—H dipole whereas it seems quite 
certain that carbon is the positive end of the C=N 
dipole. Most of the quantum-mechanical arguments 
which have been advanced with regard to the moment 
of covalent bonds reduce essentially to the statement 
that the atom with the smaller covalent radius, in this 
case nitrogen, is negative when only the bonding elec- 
trons are considered. Since the moment of the unshared 
pair in nitrogen enhances this effect, there appears to 
be little reason to doubt that nitrogen is indeed the 
negative end of the C=N dipole. The same conclusion 
is reached from electronegativity arguments. Conse- 
quently, it is highly probable that the hydrogen is 
Positive in the C—H dipole of HCN. 


THE CHANGE IN BOND MOMENT WITH 
INTERNUCLEAR DISTANCE 


The bond moment derivatives are given by the 


expression 
Ou 001 Ou 8Q2 Op 


Or; Or; 0Q1 Or; 802 

From Table I and Eqs. (10)-(13), two values of 
9u/dr; may be calculated for each gas, depending on 
whether the du/8Q’s have the same or opposite sign. 
The results obtained are given in Table IV. It is clear 


(18) 


iL iL i 


2000 ~ 2100 2200 
Frequency (Cm~) 








Fic. 4. Infrared spectrum of »; in HCN with nitrogen added to 
a total pressure of 63 Ib/in.2 The path length is 26 cm and the 
HCN pressures used were (A) 0.00 atmos (B) 0.18 atmos, (C) 0.28 
atmos, and (D) 0.50 atmos. 


that the positive value of the radio is the correct one. 
If the intensities in HCN are calculated from the 
values of 0u/dr; found for DCN, the calculated in- 
tensity of v3; agrees to 8 percent with that found experi- 
mentally whereas the calculated intensity of the very 
weak band » is four times less than was found. Be- 
cause this band is so weak, however, the difference be- 
tween calculated and observed values is within the 
experimental error. Nevertheless, it will be shown later 
that there is good reason to believe that some of the 
absorption ascribed to v, is probably the result of HCN 
dimer, so that the DCN value should be the more re- 
liable. Consequently, we conclude that du/drc_n 
=+1.05d/A, that du/drcan=F0.66d/A and that the 
signs of the two derivatives are opposite. 


EVIDENCE FOR HCN DIMER 


The spectra obtained in the vicinity of the funda- 
mental frequency », at three different pressures of 
HCN are illustrated in Fig. 4. It is readily seen that 
whereas at low pressures the high frequency peak is 
most intense, the central peak becomes more intense 
at high HCN pressures. The relative heights of the 
three peaks are compared with the sample pressure and 
its square in Table V. It is apparent that although the 
intensity of the peak at 2110 cm™ varies directly with 
the pressure as expected, the intensity of the other two 
peaks depends on the square of the pressure. 

This ~? dependence can only arise if these peaks are 
the C=N stretching vibrations of HCN dimer in 
equilibrium with the monomer, for which indirect 
evidence has been available previously from vapor 
density measurements” and from dipole moment 


TABLE V. Relative intensity of the peaks in 
HCN as a function of pressure.! 





p 2087 cmt 2096 cm-t 2110 cm“ 


3 0.17 0.14 0.37 
1 0.35 0.33 0.56 
1.0 1.0 1.0 
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2 W. F. Giauque and R. A. Ruehrwein, J. Am. Chem. Soc. 61, 


2626 (1939). 
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measurements." It may be asked why similar evidence 
for the dimer does not appear in other bands or in the 
corresponding band of DCN. The reason is probably 
that the nearly vanishing intensity of this band is the 
result (as shown by the calculation of its intensity from 
the DCN intensities) of accidental cancellation of the 
moments produced in the C—H and C=N bonds. Any 
slight change in the vibration amplitudes would make 
this band very much more intense. In the case of the 
other bands no such enhancement of the intensity is 
expected. Moreover, in these cases the bands of the 
dimer would have to be observed against a background 
of strong monomer absorption rather than the very 
weak absorption of »; of HCN. 


THE ANOMALOUS SHAPE OF v, IN HCN 


It has been pointed out previously" that the ex- 
planation given by Choi and Barker" for the presence 
of three peaks in this region cannot be correct. In the 
preceding paragraph it was shown that the intensity 
of the two low frequency peaks depends on #* and must 
be the result of HCN dimer. The remainder of the bands 
in Fig. 4 (which agree with the high resolution curves of 
Choi and Barker) consist of a strong peak at 2110 cm™ 
and wings extending from the neighborhood of 2025 
cm to 2150 cm~. This structure is almost certainly 
because of the Q-branch of the second overtone 3v2 
of the bending vibration superimposed on the normal 
P—R structure of the parallel band »; with a band 
center at 2089 cm— as found by Kastler’® in the Raman 
spectrum of HCN gas. 

This view is supported by the fact that the width of 
the wings is almost identical with that found in the other 
parallel band v3. To check the reason for the appearance 
of 3v2 in such great intensity, the spectrum of 0.35 
atmos of DCN, where 372 does not coincide in frequency 
with v1, was studied, and it shows no absorption as great 
as 2 percent in the region where 372 is expected. Conse- 
quently, except for interaction with 11, 3v2 would not be 
expected to be nearly as intense in HCN as it appears. 
It must, therefore, derive most of its intensity from 
as a consequence of Coriolis interaction between levels 
differing by one in their rotational quantum number. 


DISCUSSION 


The effective dipole moment of the C—H bond found 
in HCN and DCN, 1.13d, is very much greater than 
that found in methane, 0.31d. Although these moments 
include moments induced in the rest of the molecule 
as well as the “true” moments, the difference is prob- 
ably chiefly the result of the use of an sp orbital from 
the triply bonded carbon in HCN instead of an s’ 
orbital as in methane. Evidence for this difference in 
hybridization is also found in the decreased internuclear 
distance, 1.06A vs 1.09A, and the high stretching force 

13R, E. Hoffman and D. F. Hornig, J. Chem. Phys. 17, 1163 
(1949). 


4K. N. Choi and E. F. Barker, Phys. Rev. 42, 777 (1932). 
16 A. Kastler, Compt. rend. 194, 858 (1932). 
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constant, 5.62105 dynes/cm vs 4.50 10° dynes/cm. 
It would be interesting to have similar measurements 
on the iso-electronic molecule acetylene, whose C—H 
bonds should be very similar to that in HCN.|| 

This difference in dipole moment is consistent with 
the theoretical expectations'®"* which lead to an in- 
increasingly positive polarity of H as the hybridization 
changes from sf* to sp. A question that arises is the 
polarity in methane where Coulson” predicts a negative 
hydrogen. In this connection, the fact that the C-H 
moment in ethylene, with the intermediate hybridiza- 
tion sp? is intermediate between ethane and HCN 
rather suggests that the hydrogen is also positive in 
methane, since if the moment passed through zero as 
the hybridization varied it might be expected to be 
small in ethylene. > 

The value found for the change of C—H bond mo- 
ment with distance, 1.05d/A, is also greater than that 
found in methane, 0.56d/A. The rate of change of 
C=N moment, 0.66d/A, is very nearly that found by 
Nixon in cyanogen, 0.72d/A, but considerably smaller 
than the range, 1.03 to 1.12d/A, found for cyanogen 
chloride. Both the cyanogen and cyanogen chloride 
values are somewhat uncertain because the value of the 
interaction constant in the potential energy expression 
is unknown, but it seems fairly certain that du/drcen 
is greater in CNCI. This can be related to the much 
greater polarizability of the C—Cl bond, leading to 
considerable induced moments. An alternative state- 
ment is that the increase may be the result of the con- 
tribution of the resonance form Cl*=C=N7~ as the 
C=N bond is stretched whereas no corresponding 
resonance forms are important in (CN) or HCN. 
} Since the stretching of the C=N bond increases the 
contribution of the resonance structure H—Ct+=N7 it 
seems likely that 0u/drc=n is positive. If this is correct, 
our measurements lead to the conclusion that du/drc_n 
is negative, the moment decreasing as the bond is 
stretched, just as in the case of HCI.!® This conclusion 
is also consistent with the resonance picture since 
hydrogen should become more negative as the hybrid- 
ization is changed from sp to sp. It may be noted, 
finally, that if, the chief resonance structure is 
H—Ct+t=N- for which both the C-H and C—N 
distances are greater than at equilibrium, the negative 
cross term in the potential function becomes reasonable. 
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|| Note added in proof:—From infrared dispersion Kelly, 
Rollefson, and Schurin, J. Chem. Phys. 19, 1595 (1951) have 
found wo_w=+1.05d and du/drco_y=+.52d/A in acetylene. 
18D). Z. Robinson, J. Chem. Phys. 17, 1022 (1949). 
16 C. R. Mueller and H. Eyring, J. Chem. Phys. 19, 193 (1951). 
17C, A. Coulson, Trans. Faraday Soc. 38, 433 (1942). 
' 18 - P. Bell and I. E. Corp, Trans. Faraday Soc. 34, 1209 
1938). 
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The effect of methyl radicals from the photolysis of azomethane on propane-oxygen mixtures in Pyrex 
vessels has been shown to include a slow oxidation in the temperature range 35° to 200°C and cool flames at 
250°C. Azomethane decomposed thermally induces cool flames in propane-oxygen mixtures at 255° and 
270°C, temperatures below those at which cool flames occur in the system propane-oxygen alone. A rapid 
photo-oxidation has been observed in a quartz vessel in the temperature range 230 to 250°C. 





INTRODUCTION 


YDROCARBON oxidations are generally ac- 
cepted as involving a degenerate branched chain 
mechanism.! The complexity of possible chain parti- 
cipants is such that in no single example may it be said 
that the detailed mechanism is completely known. This 
paper describes a study of the effect of introducing 
methyl radicals into a propane-oxygen mixture. The 
methyl radicals were derived both by pyrolysis and by 
photolysis of azomethane. In particular, the region of 
onset of cool flames? in propane oxidation was studied. 
It has been well established that both the pyrolysis 
and photolysis of azomethane involve initially the pro- 
duction of methyl radicals. Rice and Evering* removed 
lead and antimony mirrors by the pyrolysis while Blacet 
and Taurog* similarly used the photolysis of azome- 
thane. Jahn and Taylor® showed that nitric oxide almost 
completely suppresses hydrocarbon production in azo- 
methane pyrolysis, a result similar to that found in 
the photolysis.® Finally the decomposition of numerous 
organic materials has been induced by the thermal de- 
composition of azomethane’ explicable on the basis of 
the introduction of methyl radicals. Since azomethane 
decomposes rapidly at the temperatures of the occur- 
rence of cool flames in propane-oxygen systems, namely 
300-400°C, and absorbs light effectively for photolysis 
around 3400A in which region propane-oxygen mixtures 
are transparent, it is possible to control the initiating 
azomethane decomposition with a minimum disturbance 
of the propane system. Observed changes in the 
propane-oxygen system may thus be traced to the 
methyl radical introduction. 


—_—_—_ 


* Abstract from a dissertation presented in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy at New 
York University, June 1951. The work described in this paper was 
done with the support of the Office of Naval Research, Dept. of 
Navy and Office of Air Research, Dept. of Air Force under 
Contract N6-ori-11, Task Order 2, as part of Project Squid. 
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EXPERIMENTAL 


Azomethane was prepared according to the method 
described by Jahn* and stored as the cuprous chloride 
complex which was heated to liberate the gas as re- 
quired. Cp propane and oxygen were taken from tanks 
without further purification. 

The reaction vessel was a Pyrex cylinder 925 ml in 
volume, 60 mm in diameter with a wall thickness of 
2.4 mm. This thickness transmits only at wavelengths 
greater than 3000A. A high pressure Hanovia AH-3 
mercury arc backed by a parabolic aluminum reflector 
was used as light source when required. A hot air oven 
using forced draft and regulated by a bimetallic thermo- 
regulator served in both the thermal and photochemical 
runs. A 10-cm quartz window separated the arc from the 
oven. The reaction vessel was connected to a manifold 
leading to a vertical manometer, a sloping manometer, 
a McLeod gauge, and a Toepler pump. Evacuation of 
the system was achieved by a two-stage mercury 
diffusion pump backed by a Hypervac oil pump. The 
sloping manometer at an incline of 11.0° covered the 
range 0-200 mm. It was graduated in 0.25-mm units 
and could be read to 0.05 mm. The Toepler pump 
delivered the product gases to a modified Burrell gas 
analyzer after drawing them from the reaction vessel 
through a trap in liquid nitrogen. The noncondensable 
products consisted of oxygen, nitrogen, traces of carbon 
monoxide, hydrogen, and a hydrocarbon, which com- 
bustion showed was propane. Oxygen was absorbed in 
alkaline pyrogallol. The carbon monoxide and hydrogen 
were oxidized over copper oxide. The propane was 
oxidized catalytically with a known amount of added 
oxygen and nitrogen was obtained by difference from 
the total volume. The condensable fraction on vaporiza- 
tion always left several drops of liquid remaining in 
the trap. Anhydrous copper sulfate on addition to this 
liquid turned blue at once, indicating the presence of 
water and on standing turned a greenish-brown indi- 
cating a reduction to the cuprous state probably by 
aldehyde. The condensable fraction after vaporization 
was analyzed for residual azomethane by absorption 
in acid stannous chloride, for carbon dioxide by absorp- 
tion in potassium hydroxide solution, for unsaturates by 
bromine water, and the residue was almost wholly 


8F, P. Jahn, J. Am. Chem. Soc. 59, 1761 (1937). 
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TABLE I. Azomethane photo-induced oxidation of propane.* 








Temp Time Initial = ,P/at Reacted Formed 
°C (hr) Aso CsHs O: (mm/hr) Azo CsHs 03: Ns Condens CO Hz 
35 1 O42 26 3.5 0.40 0.12 0.07 O11 0.11 0.29 0.01 0.00 
2 045 2.6 34 0.40 0.15 0.12 0.13 0.15 0.35 0.01 0.01 
3 047 2.6 3.5 0.37 0.15 0.10 0.14 0.14 0.36 0.01 0.01 
4 032 2.6 3.5 0.381 0.16 O11 0.18 0.14 0.40 0.01 0.01 
5 0.40 1.4 2.1 0.24 0.21 0.17 0.25 0.19 0.53 0.02 0.01 
5 0.67 2.7 48 0.35 030 0.29 0.34 0.30 0.69 0.01 0.01 
5 046 82 69 0.46 0.22 0.18 0.25 0.23 0.49 0.01 0.01 
5 0.43 2.6 3.5 0.38 0.22 0.16 0.26 0.18 0.45 0.01 0.01 
8 5 0.05 03 16 0.00 0.05 0.03 0.04 0.05 0.03 0.01 0.01 
5 0438 15 2.4 O39 O21 0.17 0.24 O17 0.47 0.02 0.01 
5 035 1.5 34 0.65 0.13 0.14 0.19 0.14 0.44 0.02 0.02 
5 0.59 83 7.0 0.72 0.30 0.23 035 0.37 0.55 0.02 0.01 
135 5 O41 14 2.2 0.74 0.19 0.18 0.24 0.17 0.54 0.03 0.02 
5 044 85 69 0.70 0.17 0.17 0.25 0.19 0.60 0.03 0.02 
185 5 043 15 23 0.60 0.22 0.18 0.24 0.20 0.46 0.03 0.01 








All quantities are in millimoles. 


propane. Analysis thus yielded directly the amounts 
of azomethane, propane, and oxygen which had reacted. 
The pressure, volume, and temperature on completion 
of a run being known, the total number of moles of 
gas in the reaction vessel could be calculated. From the 
volume and analysis of the noncondensable products, 
the number of moles of each of these present is calcul- 
able. Similarly, from the volume of the condensable 
fraction after vaporization and its analysis the number 
of moles of azomethane, carbon dioxide and so on, are 
known. The difference between the total number of 
moles at the conclusion of a run and the moles specif- 
ically recovered gives the number of moles of liquid 
condensate even though no quantitative analysis of 
the liquid was made. 


RESULTS 


The azomethane photo-induced oxidation of propane 
which occurs in the range 35° to 185°C is a slow process. 
The reaction exhibits a small pressure increase of about 
0.5 mm per hour. The products formed are condensables, 
containing water and aldehydes and traces of carbon 
monoxide and hydrogen. Table I lists the data obtained 
in these runs. For an average run in which 0.2-millimole 
azomethane is photolyzed in five hours, the rate of the 
slow oxidation is approximately 10-" moles cc™ sec. 
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Fic. 1. Pressure time curve for experiment 81-C. 
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Above 200°C the photo-induced oxidation proceeds 
more rapidly with increasing temperature. In addition 
to the products formed in the slow oxidation, carbon 
dioxide and unsaturated hydrocarbons were detected, 
At 250°C “cool flames” were observed. Figure 1 shows 
a pressure-time curve and Table II contains the 
analytical data from runs at 200°, 230°, and 250°C. 

Since azomethane decomposes thermally at tempera- 
tures above 250°C by a free radical mechanism similar 
to the photolytic process, the possibility of inducing 
cool flames thermally was explored. An equimolar 
mixture of propane and oxygen at a total pressure of 
325 mm was introduced into the reaction vessel at 
300°C. A cool flame with a rapid pressure change of 
60 mm was observed after an induction period of about 
20 minutes. This is in good agreement with the observa- 
tions of Newitt and Thornes.” 

A similar equimolar propane-oxygen mixture con- 
taining about six percent azomethane was introduced 
into the reaction vessel at 270°C which according to 
Newitt and Thornes is below the normal limit for cool 


TABLE II. Azomethane photo-induced oxidation above 200°C 








Temp °C 200 230 250 
Time hr 3 3 3.17 
Azo millimoles 0.57 0.60 0.63 
O2 millimoles 4.1 4.2 5.0 
C3Hg millimoles 4.3 4.3 43 
Av AP/At, mm/hr 0.83 1.17 cool flames 
Azo reacted 0.17 0.20 0.22 
Oz reacted 0.24 0.43 48 
C3Hs reacted 0.27 0.36 1.9 
N: formed 0.14 0.14 0.25 
Condensable formed 0.50 0.76 4.7 
H:2 formed 0.01 0.01 0.07 
CO formed 0.03 0.05 1.6 
CO, formed 0.03 0.10 0.57 
Unsat formed 0.06 0.09 0.14 








flames. A very intense cool flame, a mild explosion, was 
observed after a 60-min induction period, with a pressure 
change of 240 mm. A similar run at 255°C showed a 
slight cool flame with a pressure change of 10 mm after 
an induction period of 140 min. An appreciable pressure 
increase occurred during this induction period. A sum- 
mary of the results is given in Table ITI. 

In an attempt to increase the production of alky! 
radicals and at the same time render intermediates less 
stable photolytically, a quartz reaction vessel, spherical 
in shape, with a volume of 338 ccand a surface to volume 
ratio of 1.1 cm was used. The surface to volume ratio 
of the Pyrex cell was 0.7 cm—. Runs were made at 230°, 
240°, and 250°. It is possible that some photosensitiz- 
tion might occur under these circumstances but the 
resonance emission of the lamp used is very small. The 
rate of oxidation in all three cases was more rapid tha! 
in the corresponding runs in the glass vessel althoug! 
even at 250°C no cool flame was observed. The pressué 
time plots are shown in Fig. 2 and the analytical data 
in Table IV. 
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DISCUSSION 





Examination of the data in Table I for the reaction 
at temperatures below 190°C, shows that the rate of 
propane oxidation is independent of temperature, of 
total pressure and of the partial pressures of propane 
and oxygen. The rate varies linearly with the rate at 
yhich azomethane decomposes. When due allowance is 
made for the poor precision of the small amounts of 
propane and of oxygen reacting, each deduced as the 
difference of two relatively large quantities, it is seen 
that the rate of oxygen consumption is roughly fifty 
percent greater than that of propane. Furthermore, the 
ratio of azomethane to propane reacting is, on the 
average, Slightly greater than unity. 

The photolysis of azomethane yields two methyl 
radicals per molecule decomposed. From the work of 
Vaughan and co-workers,’ methyl radicals in the 
presence of oxygen under conditions similar to those 
used here, react rapidly to form methyl] peroxy] radicals, 

























TABLE III. Thermally-induced reaction above 250°C. 























Temp °C 300 270 255 
Azo millimoles 0.00 0.59 0.44 
0, millimoles 4.56 4.96 4.31 
C;Hs millimoles 4.39 5.03 4.25 
Induction min 20 60 140 
AP(induction) mm 0 0 17 
AP(cool flame) mm 60 240 10 
Azo reacted - 0.23 0.20 
O» reacted 4.31 4.40 3.84 
C;Hg reacted 2.18 2.55 1.52 
N; formed - 0.29 0.27 
Condensable formed 4.68 4.07 4.33 
H, formed 0.11 2.70 0.03 
CO formed 2.24 3.76 0.48 
CH, formed 0.03 2.59 0.60 
C,H, formed 0.17 0.08 0.06 
CO. formed 0.70 0.39 0.66 
Unsat formed 0.54 0.93 0.24 

















which, in turn, are rapidly transformed into methoxyl 
radicals 









CH;3N : NCH;+ 4v—>2CH;+ No, (1) 
CH;+ 0.—CH;02, (2) 
2CH;0.—2CH;0+ Oy. (3) 





Methoxyl radicals are shown to act readily as hydrogen 
acceptors to form methyl alcohol. It seems probable 
then, that methoxyl radicals are responsible for the 
attack on propane, 


CH;0+ C;H;-~CH;0H+ C3Hz, (4) 


the resulting propyl radicals, like methyl, reacting 
tapidly with oxygen, 


C3H;+0:—C;H 70». (5) 
Walsh? has shown that attack of hydrogens on sec- 


all 


aggre?» Porter, Rust, and Vaughan, J. Am. Chem. Soc. 73, 15 


"A. S. Walsh, Trans. Faraday Soc. 42, 269 (1946). 
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Fic. 2. Pressure time curves for experiment 82 A, B, C. 


ondary atoms is about three times more probable than 
attack on the terminal hydrogens; the propyl radical 
is therefore CH;CHCH; and the propyl peroxyl, 
CH;CH(OO)CHs3. 

The low yield of propane oxidation and the approxi- 
mately unit ratio of azomethane to propane reacting 
suggest that the reaction under the conditions studied is 
probably not a chain reaction, or at most has a very short 
chain length. A possible reaction of the propyl peroxyl] 
radical at higher temperatures, frequently postulated 
in the direct oxidation of propane, is its abstraction of 
hydrogen from a propane molecule to produce the 
hydroperoxide. Such a reaction, by producing a propyl 
radical, being chain forming, cannot be occurring ex- 
tensively in this low temperature range. An alternative 
reaction of the propyl peroxy] is dissociation into acet- 
aldehyde and methoxyl. This too, being chain forming, 
must not occur appreciably at lower temperatures. The 
ultimate fate of methoxyl radicals in the work of 
Vaughan is accounted 


2CH;O—CH;0H+ HCHO, 


although further reaction of methoxyl and formalde- 
hyde to yield methyl alcohol and carbon monoxide is 
assumed in order to account for the products found. 


TABLE IV. Photo-induced oxidation in a quartz vessel. 








Temp °C 230 240 250 
Time hr 3 3 3 
Azo millimoles 0.35 0.30 0.31 
O2 millimoles 1.90 1.98 1.96 
C3Hs millimoles 1.91 1.92 2.00 
Max AP/At mm/min 0.23 0.32 1.60 
Azo reacted 0.20 0.18 0.22 
O, reacted 1.73 1.79 1.86 
C;Hg reacted 0.74 0.77 0.94 
N2 formed 0.26 0.21 0.22 
Condensable formed 2.27 2.28 2.66 
Hy: formed 0.02 0.01 0.03 
CO formed 0.21 0.37 0.50 
CO: formed 0.21 0.26 0.17 
Unsat formed 0.04 0.04 0.05 
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The present system differs from that of Vaughan and 
co-workers in the presence of propane with its secondary 
hydrogens which are readily attacked by methoxyl 
with the ultimate production of propyl. It is to be 
expected from what has been said above concerning the 
dissociation of propyl peroxyl radicals and from the 
sequence of reactions (1) to (5) that the concentrations 
of methoxyl and propyl! peroxyl] radicals would become 
comparable with each other during the reaction and a 
radical-ending reaction occur between them rather 
than the Vaughan reaction of two methoxyl radicals, 
thus, 


CH;0+C;H7;0.—-CH;OH+HCHO+CH;CHO. (6) 


This sequence of reactions yields an over-all rate of 
propane oxidation dependent only on the intensity of 
the light absorbed by the azomethane as is observed. 
The Vaughan reaction would make the propane oxida- 
tion dependent on the propane concentration which is 
not found. 

Reactions (1) to (6) thus account for the observations 
derivable from the data in Table I, namely, the reaction 
rate is independent of the partial and total pressures, is 
independent of temperature and depends only on the 
azomethane. A molecule of propane is oxidized in- 
directly to propyl peroxyl through a reaction with 
methoxy] and thence to acetaldehyde by reaction with a 
second methoxyl, the two methoxyls resulting from one 
molecule of azomethane. The ratio of one found for 
azomethane to propane is thus explained. The oxygen 
consumed should be twice the amount of propane 
reacting whereas it is only about fifty-percent greater. 
The condensables expected from the above mechanism 
should equal four times the propane reacting, whereas 
the average of all runs is only three. This may be in part 
experimental error though it is probable that the postu- 
lated mechanism is oversimplified and that the reaction 
is more complex than pictured. Thus the presence of 
water among the condensables might suggest a hydro- 
peroxide decomposition. Vaughan specifically states 
that the formation of methyl hydroperoxide cannot 
definitely be ruled out as a possible reaction though the 
amount of water found did not warrant its consideration 
as a major product. Similarly, in the present system, 
the water found could originate from oxidation of 
formy] radicals resulting from secondary reactions of 
methoxy] and formaldehyde. Until more detail is avail- 
able on the nature of the products and their quantities, 
it serves no purpose to speculate on further refinements 
of the mechanism in the lower temperature range. 

Above 200°C Table II shows that the course of 
reaction is quite different from that below 190°C. 
The ratio of propane to azomethane reacting is greater 
than unity and increases steadily with increase in 
temperature. Cool flames are observed at 250°C and 
considerable amounts of oxides of carbon and un- 
saturated hydrocarbons are formed. The reaction 
parallels that found in the thermal propane oxidation, 
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proceeding comparably, however, at a lower tempera. 
ture presumably sensitized by methoxyl radicals. The 
thermal reaction has been attributed to a chain reaction 
with some chain branching resulting from reaction 
between peroxides and aldehydes." There is, however, 
no general agreement on the mechanism and it may not 
be amiss to speculate on a possibility not so far con. 
sidered. It is well known that the nature of the surface, 
especially a KCl-coating, has a marked effect on per. 
oxides and also on acetaldehyde oxidation. It appears 
possible that aldehydes may poison the walls preventing 
a heterogeneous decomposition of peroxides and favor. 
ing a gas phase reaction leading to chain branching and 
a nonstationary state. Such reactions being exothermal, 
the system will self-heat to such temperatures that a 
molecular decomposition of peroxides into aldehyde and 
water becomes effective and applies a brake causing 
the process to come to a halt. Peroxide build-up occurs 
again and a repetition of events results in successive 
cool flames until the amounts of fuel are used up. In 
the run described in Fig. 1 about 95 percent of the 
initial oxygen had reacted after the second cool flame. 

It is felt that this mechanism could receive support 
in the present work by accounting for the pressure 
changes shown in Fig. 1. It serves also to correlate 
other phenomena previously observed in many systems. 
Chamberlain and Walsh” have shown that formalde- 
hyde inhibits the decomposition of /-butyl hydroper- 
oxide at 200°C. Thus if the peroxide decomposes both 
homogeneously and heterogeneously as these authors 
suggest, the addition of aldehyde should inhibit the 
heterogeneous decomposition and consequently the 
over-all rate would be decreased as is observed. Despite 
a claim by Cullis and Hinshelwood™ that added acet- 
aldehyde is without effect in the combustion of pure 
hexane, there are numerous references in the literature 
to the accelerating effect of added acetaldehyde in 
hydrocarbon oxidations, a recent one is by Antonovski" 
on propane oxidation which shows that the effect 
decreases with increasing temperature. This concely- 
ably could result from a decreased wall poisoning as the 
temperature is increased. Further experimentation 
required, with particular attention to the elucidation 
of surface effects at present not adequately accounted 
for, before a definite opinion can be expressed on the 
suggested machanism or the precise steps involved. 
The same sequence is presumably present in the ther 
mally-induced cool flames at temperatures above 250°C 
with reaction (1) occurring thermally. The appearanct 
of cool flames in the sensitized system, at temperaturés 


1 See B. Lewis and G. von Elbe, Combustion, Flames and Ex 
plosions of Gases (Academic Press, New York, 1951), p. 172. 

122G. H. N. Chamberlain and A. D. Walsh, Third ‘Symposia 
on Combustion, Flame and Explosion Phenomena (The Williams 
and Wilkins Company, Baltimore (1949)), p. 381. 

13C, F. Cullis and C. N. Hinshelwood, Disc. Faraday Soc. 2 
117 (1947). 

4 V, L. Antonovski and V. Ya. Shtern, Doklady Akad. Nau. 
S.S.S.R. 78, 303 (1951). 
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AZOMETHANE 


jwer than those found in the unsensitized propane 
oxidation reflects the greater difficulty of chain initia- 
tion in the latter system. 

The reaction in the quartz vessel where the rate even 
at 230°C far exceeds that in the Pyrex vessel is un- 
doubtedly to be attributed to the increased illumination. 
The rate at 240°C is increased by 40 percent over that 
at 230°C while at 250°C a better than fivefold increase 
wer that at 240°C is found. This effect must be caused 
by the possibility of chain-branching setting in at 250°C 
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as was observed in the runs in Pyrex where cool flames 
were found. That no cool flame was found in quartz 
may be the result of the larger surface to volume ratio 
tending to break chains as rapidly as formed leading to 
a stable velocity. There can be no doubt, however, 
judging from the large increase in rate at 250°C, that 
some process is occurring that was relatively unim- 
portant at 230°C. It would appear that this process is 
the chain branching process usually associated with 
peroxide breakdown. 
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The viscosity of several simple gases is discussed with reference to the Lennard-Jones 12:6 potential. The 
predicted and experimental viscosities agree well at moderate temperatures, but the agreement is not so 
good at higher temperatures, and for some gases, no possible choice of the force parameters will predict the 
correct temperature variation of the viscosity at high temperatures. 


1, INTRODUCTION 


HE Lennard-Jones 12:6 (abbreviated to 12:6) 
potential function for the interaction between 


molecules 
U(r) = def (ro/r) aon (ro/r)°}, (1) 


where U(r) is the potential energy of two molecules 
separated by the distance 7, ¢ is the depth of the 
potential energy minimum, and 79 is the low velocity 
collision diameter, i.e., the value of r for which U=0 
has had some success in correlating the compressibility, 
and the critical and transport properties of gases over 
moderate temperature ranges.' In this paper we report 
an investigation of the validity of this model for gases 
with particular reference to viscosity over a wide 
temperature range. 

The transport properties which might have been 
chosen for this investigation are viscosity, thermal 
conductivity, concentration diffusion, and thermal diffu- 
sion. Data on thermal conductivity, concentration dif- 
lusion, and thermal diffusion are rather scanty. They are 
seldom accurate to better than several percent and are 
hot usually accurate enough for good assignments of the 
potential parameters. In addition, the thermal conduc- 
tivity of all but monatomic molecules depends upon 
the rate of interchange between internal and transla- 


tional energy. It can therefore be used in assigning the 
— 


* National Research Laboratories Postdoctorate Fellow. 


‘Hirschfelder, Bird, and Spotz, J. Chem. Phys. 16, 968 (1948) ; 
(isan. Revs. 44, 205 (1949) ; Trans. Am. Soc. Mech. Engrs. 71, 921 


— E. Grew, Proc. Phys. Soc. (London) 57, 655 (1949); E. R. S. 
Inter, Trans. Faraday Soc. 46, 81 (1950). 


parameters only to the inert gases. These transport 
properties, however, can be calculated using the param- 
eters obtained from other data and may provide a 
useful check. Data on viscosity, on the other hand, are 
good and exist over wide temperature ranges. We there- 
fore confine ourselves to using the viscosity to evaluate 
the potential parameters. 


2. EVALUATION OF PARAMETERS 


The coefficient of viscosity 7 of a single gas is given 
by! 
n= 2.6693 X10-°(MT) iro A (r), (2) 


where M is the molecular weight, T is the temperature, 
ry is the low velocity collision diameter in angstroms, 
and A(r) is a function of r(=k7/e) given by 


A(r)=V/W(2)(2), (3) 


where V and W(2)(2) are functions of r tabulated by 
Hirschfelder, Bird, and Spotz' (abbreviated to HBS). 
Several methods can be used to fit the viscosity data to 
give values of ¢/k and 7». 

1. Trial and Error—This method was used by HBS. 
Approximate values of ¢/% are obtained from the boiling 
point or critical temperature and adjusted until the 
ratios of the A(r)’s obtained from experimental data 
agree. 

2. From Sutherland Constant S and Temperature 
Exponent of the Viscosity s—HBS give values of S/T 
and s as functions of r. One need only, therefore, obtain 
S/T or s at any temperature and read from the theoret- 
ical plot the corresponding value of 7; ¢/k is then easily 
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Fic. 1. Experimental values of S/T vs logT for several gases 
superimposed on the theoretical S/T vs logkT/e for the 12:6 
potential. 


calculated. A more informative procedure is to plot 
the theoretical S/T or s against logr and the experi- 
mental S/T or s against logT on the same scale. The 
experimental and theoretical curves should then be 
superposable by shifting along the log7—logz axis, and 
the amount of the shift gives loge/k. This is probably 
the most convenient way of showing the degree of fit 
which can be obtained with a 12:6 potential. 

3. Adaptation of the Buckingham Method* for the 
Second Virial Coefficient.—We define the two quantities 


X = 2.6693 X 10-°M 47, (4) 
Y=¢/k=T/r. (5) 
Taking logs of Eq. (2) and rearranging we obtain 
logX =lognT—!—logA (r), (6) 
and taking logs of (5) we obtain 
logY = logT—logr. (7) 


For each value of the viscosity logX vs logY is plotted 
for various values of r around the value expected. The 
intersection of two lines gives the values of X and Y 
(i.e., 79 and €/k) which is the solution of the simultane- 
ous Eq. (2) for two values of the viscosity. This 
method can also be used by obvious adaptations for 
thermal conductivity and for diffusion data. 

It is found on plotting the logX—logY curves that 
they cross one another at a rather small angle. A small 
change in the viscosity therefore may result in a 
comparatively large change in the point of intersection. 
To obtain reliable values of ¢/k and 1p it is essential that 
the viscosities be known to better than about 0.5 
percent, and should preferably be known to 0.1 percent. 
Similar remarks apply to the use of S/T and s in 
evaluating ¢€/k, since small errors in the viscosity result 
in comparatively large errors in S/T and s. The same 
remarks also apply to diffusion and to thermal con- 


3R. A. Buckingham, Proc. Roy. Soc. (London) A168, 264 (1938). 


E. WHALLEY AND W. G. 





SCHNEIDER 





ductivity and a few trial plots showed that existing data 
are quite inadequate. The reason for this is discussed 
below. 


3. RESULTS 


Large scale plots were made of all the available 
viscosity data in the literature for the following gases; 
hydrogen,‘ deuterium,® helium,® carbon dioxide,’ nitro- 
gen,® oxygen,° neon,'° and argon" and the “best”’ curves 
drawn through the points. The viscosities given by 
various authors are fairly concordant, and the curves are 
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Fic. 2. Experimental values of s vs logT for several gases 
superimposed on the theoretical s vs logkT/e for the 12:6 
potential. 
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VISCOSITY OF GASES 


easily drawn. From these plots S/T and s were evaluated 
and plotted against log. The temperature ranges 
covered are quoted in Table II. The “best” superposi- 
tin of the experimental and theoretical S/T and s 
curves is shown in Figs. 1 and 2, respectively. It is 
evident that neither S/T nor s are universal functions of 
the reduced temperature, as predicted by the 12:6 
potential. From the shift required for best superposi- 
tions, the “best”’ values of ¢/k for all the gases have been 
calculated and compared with the values assigned by 
HBS in Table I. For most of the gases considered, the fit 
is very good over the range r=1.2—3, and gives 
reasonable values of ¢/k and 79, i.e., values close to those 
obtained from critical and virial data. 

It will be evident that if we use the experimental 
values of S/T or s at various temperatures to calculate 
the apparent ¢/k at each temperature, by reading off the 
corresponding value of 7 from the theoretical S/T or s 
plots, the values obtained will have a temperature de- 
pendence, and when the experimental s or S/T values 
fall below the minimum predicted by the 12:6 model, 
ie. 0.6438 for s and 0.1680 for S/T", no values of ¢/k 
and ro will give an exact fit. The same temperature de- 
pendence is also found when we use method (3) for 
fitting «/k and 19 to the viscosity. All the gases con- 
sidered except hydrogen, deuterium, and helium show a 
decrease in the apparent ¢«/k at high temperatures, and 
if the viscosity has been measured to a high enough 
temperature, decreases to zero. At higher temperatures 
no exact fit to a 12:6 potential is possible, and the 
experimental S/T for many gases falls to less than half 
the minimum theoretical value. In Table II we show the 
temperature range for the viscosity data and the 
approximate maximum temperatures for fit with a 12:6 
potential. It would seem that the potential though 
excellent at moderate temperatures, is not so satis- 
factory for extrapolation of viscosities to high tempera- 
tures, and such extrapolations should be made with 
care.t However, the viscosity calculated is not very 
dependent on the value of ¢/k chosen. It seems that at 
the moderately high. temperatures (to ~1500°K) an 
accuracy of 5 percent or better can be expected for 
simple gases, using the constants obtained at lower 
temperatures. The viscosity of neon appears to be 


TABLE I. Comparison of ¢/k from viscosity data. 








From s curve From HBS 


22.3 


From S/T curve 


27.6 
no value possible 


94 
117 
34 
120 





124.0 








t Since this work was completed Keyes (Trans. Am. Soc. Mech. 

. 73, 589 (1951)) has reported that he has arrived at this 

‘onclusion and gives the apparent variation in «/& for carbon 
dioxide up to 773°K. 


TABLE II. 








Temp. range °K 
for 7 data 


15-1100 _ 
15-1100 _ 
200-1700 1230 
80-1700 500 
80-1100 730 

830 


Approx. max. temp. 
for fit with 12:6 





80-1100 
55-1900 











particularly well described by a 12:6 potential, as seen 
from the almost exact fit with the theoretical S/T curve. 
It is somewhat surprising that argon does not fit the 
S/T curve very well. Hydrogen and helium can be 
fitted over the whole range if one allows ¢/k and 1 to 
vary with temperature. With helium, for example, the 
variation in e/k necessary is from 6° at low temperatures 
to about 185° at 1000°K. There is a similar variation 
also for hydrogen. Nevertheless, the viscosity is moder- 
ately well predicted with a single choice of ¢/k and 79, in 
spite of the fact that for accurate predictions ¢«/k and ro 
have to be varied. 

The apparent variation in the values of the parame- 
ters does not of course mean that the force field is 
temperature dependent, but is simply a reflection on the 
inadequacy of the 12:6 potential. 


Helium 


It has been shown that a 12:6 potential is quite 
inadequate to explain in detail the temperature varia- 
tion of the viscosity of helium, and Yntema and 
Schneider” have shown that the second virial coefficient 
over the range 0-1200°C is not fitted by this potential. 


Hydrogen-Deuterium 


Neither the s nor the S/T curves for hydrogen and 
deuterium were identical, though the S/T curves were 
superposable by shifting along the logT axis. The reason 
for this is not immediately evident, as it seems unlikely 
that hydrogen and deuterium have different force fields. 


Carbon Dioxide 


The second virial coefficient of carbon dioxide over the 
temperature range 0-600°C cannot be represented by a 
single 12:6 potential. This, and the failure of the 
viscosity to obey a 12:6 potential is undoubtedly due, 
in part at least, to the fact that the carbon dioxide 
molecule possesses a permanent quadrupole which 
introduces attractive terms in r~ and r~, etc., into the 
potential function. Also the carbon dioxide molecule is 
not spherical, and though this has little effect on the 
second virial coefficient,” it probably has greater in- 


( ob) L. Yntema and W. G. Schneider, J. Chem. Phys. 18, 646 
1 . 

13K. E. MacCormack and W. G. Schneider, J. Chem. Phys. 19, 
849 (1951). 
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Fic. 3. Temperature variation of the apparent «/k for carbon 
dioxide. From viscosity data—O from S/T, A from s, X from 
method 3. From second virial coefficient data @. 


fluence on the viscosity. We illustrate this failure for 
carbon dioxide by plotting in Fig. 3, the apparent values 
of ¢/k from viscosity and second virial data against the 
mean temperature of the two measurements used to 
obtain ¢/k. The trend in ¢/k with temperature from the 
two properties are in opposite directions. 

The viscosities of fluorine and bromine have been 
considered since both seemed anomalous, and also 
uranium hexafluoride, for which data have recently been 
reported. 


Fluorine 


As pointed out by HBS, the 12:6 potential cannot be 
fitted to the data of Kanda“ who measured the viscosity 
at nine temperatures between 87 and 273°K. However, 
if the highest and lowest values are omitted, the re- 
maining seven between 120 and 250°K are well fitted 
within the experimental error by 


e/k=117+8°, 
ro= 3.620. 


The values obtained at 87 and 273°K are ~12 percent 
higher and lower respectively than predicted with these 
parameters. This assignment agrees well with the ¢/k’s 
obtained from the critical temperature and the boiling 
point. According to Cady and Hildebrand® the critical 
temperature is 144°K. Using the relation! 


T= 1.28¢€/k, 
we obtain 
e/k=112°. 


4 E. Kanda, Bull. J. Chem. Soc. (Japan) 12, 463 (1937). 
16 G. H. Cady and J. H. Hildebrand, J. Am. Chem. Soc. 52, 3839 
(1950). 
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According to Clausen’ and Kanda," the boiling point js 
85.2°K. Using the relation! 


T ,=0.769e/k, 
we find 
e/k=111°. 


Bromine 





The viscosity data of Rankine!* were used by HBS to 
assign an ¢/k and an fo to bromine. This gave an », 
smaller than that for chlorine. An attempt has been 
made to include the more recent data up to 800°K of 
Braune ef al.!° The two measurements do not agree too 
well gver the common range, but the “best” fit is 
described almost equally well by any value of ¢/k be. 
tween about 520 and 700°, with corresponding values of 
ro between 4.268 and 3.956A. 79 for chlorine from 
viscosity data is 4.115A. The values of ¢€/k for bromine 
indicated by the critical temperature and the boiling 
point are 431° and 461°, respectively. The data on the 
diffusion of bromine into various gases”’ do not appear 
to fit any reasonable values of ¢/k and ro for the gases. 

















Uranium Hexafluoride 






The viscosity has been measured recently over the 
temperature range 14-48°C by K. Kigoshi.”! These data 
are well fitted by S/T =1.87 and by s=1.16, neither of 
which will fit a 12:6 potential. 







4. DISCUSSION 






The reason for the comparative insensitivity of the 
viscosity to the value of ¢/k is, that the main part of the 
temperature variation of the viscosity is described by 
the JT! term and the function A(z) is a comparatively 
slowly varying correction term which increases by 4 
factor of only 5.8 over the range of 7 of 0.3-400. With 
e/k= 100° T° increases by a factor of 36.5 over the same 
range of r. A change in 7 due to change in either T ot 
e/k therefore has a comparatively small effect on the 
value of A(r) for any particular temperature, and evel 
the small change is partly compensated by the necessary 
change in 7» due to change in ¢/k, to obtain a fit to the 
viscosity at a standard temperature. Similar remarks 
also apply to diffusion and thermal conductivity. 

In view of the fact that the 12:6 potential is a highly 
simplified approximation to the true potential, its failure 
to describe molecular properties over a wide range 
temperature is perhaps not too surprising. A_ better 
approximation might be obtained by using an expo 
nential repulsive term in place of the inverse 12tl- 
power repulsion, and also by taking into account highet 

16 W. H. Clausen, J. Am. Chem. Soc. 56, 614 (1934). 

17 FE, Kanda, Bull. J. Chem. Soc. (Japan) 12, 416 (1937). 

18 A. O. Rankine, Proc. Roy. Soc. (London) A89, 575 (1913). 

19 H, Braune, R. Basch and W. Wentzel, Z. Phys. Chem. Alsi, 
176, 447 (1928). : 

2 J. E. MacKenzie and H. W. Melville, Proc. Roy. Soc. (Edin 


burg) 52, 337 (1932). 
*1 K. Kigoshi, Bull. Chem. Soc. Japan 23, 67 (1950). 
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VISCOSITY OF GASES 


terms in 7~*, 7°, etc., in the dispersion energy. Such a 
potential involves at least three, or possibly four 
unknown constants, and to evaleate these constants 
from viscosity dats alone would be a very laborious 
task. Moreover, in such a task it would probably not be 
advisable to make use of one or more of the constants 
which may have been derived from say, the second 
virial coefficient. With present procedures of deriving 
the force constants it appears that, when a fairly wide 
temperature range is considered, the set of constants 
derived from the second virial coefficient may be quite 
diferent from the corresponding set derived from 
viscosity data. Such a difference can be expected in 
particular for unsymmetrical molecules, as for example, 
carbon dioxide (see Fig. 3). It is not possible at present 
to determine whether this behavior is due entirely to 
an incorrect choice of the form of the molecular force 
field, or whether it can be traced in part to other causes. 
Itis possible that there is a variation in the proportion 
of inelastic collisions with temperature, and this would 
have different effects on different properties. 
A more general force law than the 12:6 is 


U(r) =ef(r/r0), (8) 


where € and 7p are characteristic parameters for the 
particular interacting pair. The viscosity of the gas 
obeying this potential is given by an equation exactly 
similar to Eq. (2), where A(r) depends on the particular 
form of f.” If f is a universal function, as is assumed in 
developing the theory of corresponding states,”? then 
both s and S/T should be universal functions of the 
reduced temperature 7. From Figs. 1 and 2 it would 
appear that some potential of type (8) other than the 
12:6 may give rather better agreement with experiment, 
since it seems that the value of S/T and s at high 
temperatures for oxygen, nitrogen, argon, and carbon 
dioxide are considerably lower than predicted by the 
12:6. It is not possible to say at present whether a 


® Hirschfelder, Curtiss, Bird, and Spotz, Properties of Gases, 
preliminary circulated edition, University of Wisconsin, CF1507, 
November, 1950, Chanter X, p 

“5. $. Pitzer, J. Chem. Phys. s 583 (1939). 
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higher or lower power for the repulsive potential would 
be needed for this. However, no potential of type (8) 
would give exact agreement since the experimental S/T 
and s curves are not coincidental. 


5. CONCLUSIONS 


The 12:6 model fits viscosity data very well over the 
range of 7 of 1.2-3. Outside this range it is frequently 
impossible to choose any values of the parameters which 
will fit the viscosity data exactly. 

Extrapolation of viscosity data to high temperatures 
using the 12:6 model should be done with care. Up to 
1500°K, an accuracy of 5 percent or better can be ex- 
pected using the parameters obtained at lower tempera- 
tures, but at higher temperatures the accuracy decreases 
rapidly. 
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APPENDIX: THE TRAUTZ RELATION AND THE 12:6 
POTENTIAL 


Trautz™ found empirically that for many gases at the 
critical temperature the viscosity 7, of the dilute gas is 
approximately related to the temperature by the 
equation 


d \|nn 
d\nT |. 


dn Ne 


dT\. Tc 


By differentiating Eq. (2) and using the integrals for 
the 12:6 potential and the relation 


kT ./e=17-= 1.28 
it is easily shown that 
d \nn 


= 0.946. 
d\nT}, 


*M. Trautz, Ann. Phys. 11, 130 (1931). 
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E have recently measured! the specific ionic 

conductance of a series of solid inorganic azides 
and oxalates, as a part of a general program of research 
on the mechanism of decomposition of these two groups 
of compounds. The detailed results will be presented in 
a separate communication, but we shall here consider 
the results obtained with barium azide since both ex- 
perimental and theoretical work on this’ decomposition 
is more extensive than for the other compounds. The 
specific ionic conductance of solid barium azide can be 
accurately represented by 


loge= —5.991—11,620/4.576T 


so that at 373°K, o is 6.3X10-" ohm cm. Here the 
activation energy E, of 11,620 cal/mole refers to the 
mobility of the conducting species, since the measure- 
ments were obtained in the structure-sensitive region. 
Values of E,, are reproducible to within 2 percent and 
of o to 30 percent. 


I. GROWTH OF NUCLEI 


When barium azide is heated to about 100°C there 
is an initial slow decomposition and localized specks of 
barium, which increase in size with time, become visible. 
In explanation of nuclear growth, Mott? assumes that: 

1. Barium azide is an ionic conductor at room tem- 
perature by reason of the presence of mobile interstitial 
Ba?* ions in thermal equilibrium with the salt; the azide 
ions are immobile. 

2. At the metal (nucleus)-salt interface, electrons are 
transferred from adjacent azide ions thereby leaving 
azide radicals (positive holes) in the full band; these 
latter are mobile and diffuse to the surface of the crystal 
where decomposition, giving nitrogen, ensues. 

3. Growth of the nucleus then proceeds by alternate 
trapping of interstitial Ba*+ ions and electrons trans- 
ferred from adjacent azide ions. 

4. The activation energy of growth E,, obtained -by 
Wischin* from the temperature coefficient of the in- 
crease of radius of the approximately hemispherical 
specks of Ba with time, is 23.5 kcal or ca 1 ev. The 
energy has been identified by Mott as that required to 
transfer an electron from an adjacent azide ion to the 
metal nucleus. 

1P. W. M. Jacobs and F. C. Tompkins, Ae 308 Cl 


2N. F. Mott, Proc. Roy. Soc. (London) A172, 325 (1939). 
5A, Wischin, Proc. Roy. Soc. (London) A172, 314 (1939). 
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By using this postulated mechanism and our experi- 
mental values of o and E,, the maximum rate of addi- 
tion of Ba atoms to the nucleus at 100°C can be cal- 
culated. 

We consider a hemispherical nucleus of radius r cm 
and denote by me the average negative charge on the 
nucleus during growth, where ¢ is the electronic charge 
and m is a small number. The average potential at the 
surface of the hemisphere is thus ne/Kr, where K is the 
static dielectric constant of the solid azide, and the 
total current flowing per second resulting from the 
trapping of interstitial barium ions is 


2mone/K. 















(1.1) 


The number of Ba atoms incorporated in the nucleus 
per second is therefore 








mon/K. (1.2) 





Now the velocity of radial growth at 100°C has been 
directly measured® for nuclei having radii greater than 
3X 10~ cm and is 8X 10-* cm/sec. 

Taking a value of 2A for the radius of the Ba atom, 
it follows that 27r?X10'* atoms of barium/second are 
added to a nucleus of radius r. Hence, 









o=2X10""7?/n esu 
= 2X 10°r?/n ohm™ cm“, 





(1.3) 





where K has been given the reasonable (maximum) 
value of 10. An acceptable value of m is now required 
and it is sufficient for our purpose to evaluate its maxi- 
mum value. 

We therefore place the lowest vacant level of the ur- 
charged metal nucleus at its minimum value, i.e., that 
corresponding to the highest level in the full band of the 
azide ion. The energy levels of the metal are raised by 
the trapping of electrons, consequently the maximum 
value of is the number of electrons required to rai 
the metal levels by 23.5 kcal or 1 ev, the activation 
energy for electron transfer. 

For a nucleus of radius r, the potential at the surfaces 


ne/ K"r, (14) 

















and when ne?/K'r>1 ev, further electrons cannot be 
trapped. K' is assumed to be unity because the proces 
here involves an electron transfer from an azide io! 
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adjacent to the metal. Hence 







Nmax=1/1.5X 10-7; (1.5) 
combining (1.3) and (1.5), 
o=3X10-r ohm cm. (1.6) 






The smallest nucleus measured by Wischin had a 
radius of 3X 10~* cm, hence 


o=9X10-* ohm cm, 





(1.7) 


which is 10° times larger than the experimental value 
(3X 10-? ohm~ cm“). We further note that the value 
given in (1.7) is a minimum one, because (1) in evaluat- 
ing %max, the maximum repulsive potential between the 
negatively charged nucleus and an electron was taken 
tobe 1 v, whereas it is almost certainly nearer 1/10 v; 
(2) Wischin’s measurements of r extend to r=10-* cm, 
while dy/dt remains constant. The effect of (1) and (2) 
gives c= 10-* ohm™ cm“ in (1.7), i.e., 10* times larger 
than our measured specific conductance. From Wischin’s 
experimental results growth is definitely three-di- 
sional; nevertheless, growth may proceed to give nuclei 
in the form of lenticular disks. The effect would decrease 
the discrepancy of 10* by a factor of 10 or 100 and there- 
fore does not affect our conclusions. It is therefore 
highly improbable that growth can proceed by a 
process of internal electrolysis. 

There is a further, but less critical, comment to make 
here. We have, following Mott and Littleton,‘ calcu- 
lated that the ratio of the number of interstitial Ba?* 
ions to barium ion vacancies is about 10-*. It might be 
anticipated that since the dielectric constant of barium 
azide (ca 10) approaches that of the silver halides 
(12-13) (where there is some evidence of the presence 
of interstitial cations), the formation of interstitial 
Ba’** ions might be favored energetically, but the 
efiect of this ion possessing a double charge more than 
compensates for the high dielectric constant; thus 
barium azide is similar to the alkali metal halides and 
we note that with NaCl, Mott and Littleton’s calcula- 
tions give a similar order for the ratio of number of 
interstitial cations to cation vacancies. It must be 
stressed, however, that Mott’s general mechanism for 
the decomposition of azides can be modified, so as to be 
equally applicable for vacant cation site as for inter- 
stitial ions. 

Finally, it is most unlikely that barium azide is a 
cationic conductor. We have unfortunately, as yet 
failed to measure the transport numbers of the Ba?+ 
and N;~ ions on account of the low ionic conductance 
of barium azide at temperatures sufficiently low for the 
decomposition to be negligible over the long periods 
required. There are, however, two sound reasons for the 


statement that this salt is an anionic conductor: 
Se 

_.N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 34, 485, 
500 (1938). 

‘N. F. Mott and R. W. Gurney, Electronic Processes in Ionic 
Crystals (Oxford University Press, London, 1940), p. 12. 
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(1) The very similar halides* BaCl:, BaBr2, BaF 2, and 
the halides PbF2, PbCle, PBre are all anionic conduc- 
tors (teation = 0). 

(2) The activation energy for mobility’ of Ba** in 
barium azide is expected to be similar to that of Pb** 
in its halides, i.e., ca 20 kcal whereas we obtain from the 
temperature coefficient of o a value of only 11 kcal— 
this low activation energy we believe, therefore, refers 
to the mobility of the azide ion. 

If we accept mobility of vacant anion sites as the 
most likely mode of transport of ions, Mott’s growth 
mechanism could be retained with minor modifications, 
i.e., growth would involve alternate trappings of elec- 
trons and of vacant anion sites which are attracted to 
the negatively charged nucleus. Nevertheless, the main 
criticism that the measured ionic conductance is 10** 
too small for the observed growth still stands. 

The only reasonable alternative process of growth is a 
decomposition, to give nitrogen, taking place at the 
metal-salt interface. This is certainly true for the de- 
composition of silver oxalate® since x-ray photographs 
prove that the metallic silver is a pseudomorph of the 
original crystals and is universally true in the decom- 
position of hydrates and carbonates. The apparent 
objection to this process, pointed out by Mott, the 
difficulty of escape of the gaseous product from the 
interface, is therefore a general one and is not confined 
to the barium azide decomposition. Both from visual 
observation and from the fact that all these decomposi- 
tions are catalyzed at the interface, there is little doubt 
that the actual interface remains intact. We suggest 
therefore that the nucleus grows by transformation 
of lattice Ba?* ions to Ba atoms such that these atoms on 
formation occupy the lattice sites of the salt. Since the 
Ba?+— Ba*+ distance in the azide is greater than the 
Ba—Ba distance in the Ba metal, the nucleus originally 
has an expanded structure. On further growth, with the 
interface remaining intact, “recrystallization” to the 
normal metal lattice takes place in the interior of the 
nucleus, the body of which becomes permeated with 
cracks through which diffusion of N2 can occur. This is, 
in fact, the mechanism of escape of water molecules 
during the dehydration of chrome alum® and the 
photographs of the nuclei given by Garner leave no 
doubt that this process takes place, and a similar phe- 
nomenon occurs in the decomposition of silver oxalate.*® 
Furthermore, the barium azide used by Garner ef al., 
by Wischin, and by us was the dehydrated mono- 
hydrate. This dehydration proceeds rapidly at room — 
temperature and H,O molecules escape from the in- 
terior of the crystals with ease. Now the minimum di- 
mension of the water molecule is 3.2A, whereas that of 


6W. Jost, Diffusion und Chemische Reaktion in festen Stoffen 
(Steinkopf, Leipsiz, 1937), p. 80. 

7 5 von Hevesey and W. Seith, Z. Physik 56, 790; 57, 869 
(1929). 

8 R. Griffiths, J. Chem. Phys. 11, 499 (1943); 14, 408 (1946). 

9 J. A. Cooper and W. E. Garner, Trans. Faraday Soc. 32, 1739 
(1936). 




















664 


the Nz molecule is 3.0A—diffusion of Ne out of the 
crystal can therefore take place without difficulty even 
at room temperature. 

We conclude from the foregoing that: 

(1) The number of interstitial Ba?* ions present in 
equilibrium with the crystal is a very small fraction 
of the number of vacant cation sites. 

(2) The Ba?* ion is immobile and the azide ion mobile. 

(3) The measured rate of growth is 10°-10* times faster 
than that calculated from the measured ionic conduc- 
tance of the salt. 

(4) Reaction (growth) proceeds at the salt-metal 
interface, and the Ne produced escapes by diffusion 
through the salt (or metal nucleus). 


II. NUCLEAR FORMATION 


Two mechanisms have been suggested by Mott; one 
involves the trapping of two conduction electrons,? and 
the other the bimolecular aggregation of interstitial Ba 
atoms.!° Garner and Maggs," and Wischin® give 
preference to the latter, but there is no suggestion’ that 
the former is not an acceptable hypothesis. None of 
these authors have, however, considered these mecha- 
nisms in detail. We believe that neither hypothesis as 
originally proposed accounts adequately for the ex- 
perimental results. 


1. Bimolecular Aggregation of Interstitial 
Ba Atoms 


(a) It is assumed that when Ba(Ns)2 is heated Ng is 
driven off from the surface at a constant rate, and that 
interstitial Ba atoms diffuse into the body of the 
crystals. Whenever two of these meet at some favored 
spot, a stable nucleus is formed. Now the energy neces- 
sary to create a Ba?" interstitial ion is not less than 3 ev, 
so that the activation energy for the nucleus formation 
is therefore at least 6 ev or, taking regard of the activa- 
tion energy of mobility of Ba®+ ions (which may ap- 
proach 1 ev), probably 7 ev, whereas the experimental 
activation energy is only 3.2 ev. It is true, of course, 
that the energies for formation and mobility of inter- 
stitial atoms on the surface are smaller, but reduction 
to about one-half of the bulk value is unlikely. Further- 
more, this high value of the energy for the production 
of interstitial Ba atoms means that the rate of produc- 
tion is very smal], and it is not possible to account for 
the rate of nucleus formation directly observed by 
Wischin. 

(b) We may, however, assume that there are originally 
present a number of interstitial Ba?* ions in excess of 
that in thermal equilibrium with the crystal, and then 
calculate the energy necessary to transform these to 
interstitial atoms by the trapping of conduction elec- 
trons. The spectrum of solid Ba(N3)2 has an adsorption 
band commencing on the high wavelength side!" at 

10 Reference 5, p. 266. 


1 W. E. Garner and J. Maggs, Proc. Roy. Soc. (London) A172, 
299 (1939). 
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2600A, corresponding to an electron transition to ap 
exciton level. Assuming the electron transition from 
full to conduction band occurs at the shorter wave. 
length band at about 2500A, the optical excitation 
required for this process is about 114 kcal. Because of 
the Franck-Condon principle, this value exceeds the 
corresponding thermal energy in the ratio of the dielec- 
tric constant in static to high frequency fields, which is 
between about 1/3 and 2/5. The thermal excitation 
energy is therefore 35-48 kcal. The interstitial Ba? ion 
acts as a deep electron trap and a second electron will 
be trapped before the Bat ion thermally dissociates to 
regenerate the Ba** ion. The rate of formation of inter- 
stitial Ba atoms thus depends linearly on the time, 
and the activation energy for their formation is 35-48 
kcal. These atoms have mobility, and aggregate to form 
stable (two-atom) nuclei. The activation energy for this 
process will thus be 70-96 kcal, plus the activation 
energy of mobility. The latter is unknown but cannot 
be less than 11 kcal (the energy for mobility of the 
mobile azide ion), and by analogy with the energy for 
cationic mobility in predominantly anionic conductors, 
e.g., Pb** in PbCl, or Pbls, it is probably 20-25 kcal. 
The total activation energy is thus 91-121 kcal con- 
pared with the experimental value of 74 kcal; we con- 
clude that the formation of internal nuclei by this 
mechanism is energetically unlikely, but the possibility 
of production of surface nuclei cannot be definitely dis- 
missed. Nevertheless, we believe that this is improbable, 
since the number of interstitial Ba** ions which have 
to be present in excess of the equilibrium number is 
large and thus highly improbable. 


2. Bimolecular Trapping of Conduction Electrons 


From the calculation in 1(b), this process is ener- 
getically possible at the surface. To obtain the de- 
pendence on /*, the number of electrons in the conduc- 
tion band is assumed to increase linearly with time at 
constant temperature. These electrons can be trapped 
at certain positions in the lattice, and by electrostatic 
forces attracts (in the original theory) an interstitial 
Ba*+ to give a Bat center. (In general, however, this 
ion can be replaced by a mobile positively charged 
species). This center may now (1) dissociate on receipt 
of thermal energy giving Ba** and a free electron, 
(2) trap a second electron before (1) occurs and so form 
a stable nucleus. There seems some confusion? about the 
nature of the original traps, which might be shallow 
(sensitivity specks) or deep (vacant anion sites) ; bot! 
possibilities are therefore considered below. We shal 
use the following notation: 


N.=number of (surface) azide ions from which 
electrons may be excited into the conductio! 
band, 

Nr=total number of nucleus-forming traps # 
which decomposition finally takes place, 
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y/,N/’=number of nucleus-forming traps containing 

one (two) electrons at time /, 

n,= number of electrons in the conduction band 
at time /, 

E=thermal energy to raise an electron from the 
azide full band to the conduction band, 

k',k’’=rate constants of trapping of electrons at 

empty (one-electron filled) traps, 

k=rate constant for the dissociation of one or 
two-electron-filled traps thereby freeing one 
electron, 

v=lattice frequency, 

Mr, Mi’, Mi’, ku’, ku’, ku, etc., are corresponding 
symbols to V7, N/, Ni’, k’, k’’, k, etc., in the 
case where the traps are of the non-nucleus- 
forming type. 


When only nucleus-forming traps are present, the rate 
of increase of the number of electrons in the conduction 
band is 


dn,/di= const vN,, exp(— E/kT) 


= kR'(No— Ni- Ne’ )ni+ rNi{- Rk!" T s'n,'. (2. 1) 


We require that (1) dw,/dt=R=const (Mott’s assump- 
tin) and (2) N/’=const ¢/* (Wischin’s experimental 
result) be compatible. After writing Rt=n,, 


C,=const vN, exp(— E/kt), 


in (1) and solving for V/’, 


| -R-Cr+ WN Rt 'Rt 
PR pee 


(2.2) 





Nt 
Asa good approximation, k’=k’’, and k’N/'’Rt is small, 
particularly at small ¢; therefore, 
Nif=(R—Ci+k'N rRt)/k. 
Ati=0, V,/=0, hence 


(2.3) 


N/=k'NRt/k, (2.5) 


and the rate of nucleus formation is 


BRN pR2/k, (2.6) 


(2.7) 


N/'=const /°. 


Thus, with the restrictive condition that R is approxi- 
mately equal to C, Wischin’s experimental result fol- 
lows from Mott’s assumptions. 


Case 1—Shallow Traps 


In this case, there can be a high rate of trapping at 
‘mpty traps because these centers can undergo rapid dis- 
Soclation and thus condition (2.4) holds; the trapping of 
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two electrons at the same trap will be a rare occurrence 
as demanded by theory. Since, however, vacant anion 
sites have a trap depth of about 2 ev, i.e., the life of a 
trapped electron is as long as 10” sec at 100°C, these 
traps cannot be those at which nucleus formation is 
initiated, otherwise N quickly becomes proportional to 
f? and not to /*. The alternative that the center, 
F center-+ interstitial Ba**, can be easily dissociated im- 
plies that it is not an effective electron trap, which is 
also clearly unacceptable. We further note that if the 
vacant anion site is not the center of ultimate decom- 
position, then Mott’s theory, that the effect of pre- 
irradiation in shortening the induction period is the 
creation of additional vacant anion sites, must be 
modified. 

Moreover, to maintain condition (2.4), the number of 
free electrons produced must approximate to the rate 
of production. The over-all activation energy is 74 kcal, 
of which at least 11 kcal is required for the mobility of 
the Ba** ion. Hence, 31.5 kcal are required at most to 
raise the electron to the conduction band; therefore at 
400°K the rate of production will be N, 10~ sec". 
Assuming the electron production to be confined to the 
surface, then for 1 cm? Ba(Ns3)2 surface containing 
10'® N;~ ions, 10° free electrons are produced per sec 
corresponding to a photocurrent of about 10-* amp/sec, 
since non-nucleus forming traps are assumed absent 
here, i.e., at least 10° greater than has been experi- 
mentally detected.’ 


Case 2—Deep Traps 


Here the rate of dissociation of one- and two-electron 
traps is negligible. If the number of traps is very large 
so that only a small fraction are filled with electrons, 
then the number of one-electron filled traps increases 
as /? and of two-ele¢tron filled traps as /* as required. 
However, this is clearly impossible, for with a large 
number of deep traps, the condition (2.4), R&C, cannot 
hold over the long periods (400 min) observed by 
Wischin. If, on the other hand, to maintain R~C the 
number is small, then the number of empty traps de- 
creases rapidly with ¢, and N”’, although initially vary- 
ing as 2°, will quickly vary as ?. 


Case 3—Presence of Non-Nucleus Forming Traps 
In this case, 


R=C,—k'(Nr—Ni—N¢')Rt+kN / —k’'N Rt 
- / ku’(M7—M/)Ri+ - kuM/=0. 


all traps all traps 
For R&C, it is clear that 
— > ku’(Mr—M/)Ri+ D> kuM/=0, 


all traps all traps 


i.e., equilibrium is quickly established and the presence 
of non-nucleus forming traps has no effect on our 
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previous argument. Any alternative to this disobeys 
the restrictive condition (2.4). 


Case 4—Loss of Conduction Electrons by Rapid Re- 
combination with Positive Holes or Falling 
into Exciton Levels 


This represents in this case the general fate of the 
conduction electron, consequently as a first approxima- 
tion, the number of positive holes (and number of 
exciton levels, since these are always associated here 
with the presence of positive holes) equals the number of 
free electrons. Consequently, 


N/=(R—Cr+#'N pRt+k,(Ri))/k. 


For rapid recombination, k,, the rate constant for the 
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recombination process, is large and again the conditions, 
(a) R=const and (b) N;’«?#*, are incompatible. 


CONCLUSIONS 


We have considered all reasonable variations of 
nucleus formation involving (1) Ba?* interstitial ions 
and (2) the bimolecular trapping of conduction elec- 
trons in some detail, because it is essential that mecha- 
nisms based on these concepts should be fully explored 
before other superficially less probable approaches 
based on the production and trapping of excitons which 
we develop in later papers are postulated. We conclude 
that neither the growth of nuclei nor their formation 
can be adequately explained by mechanisms which 
have as yet been postulated. 
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Determination of a Single Quadrupole for a Charge Distribution 


Epwin S. CAMpPBELL* 
Department of Chemistry and Chemical Engineering, University of California, Berkeley, California 
(Received November 6, 1951) 


A method is given for the reduction to a single quadrupole of the second-order term in the Taylor series 
expansion of the potential defined by a charge distribution. 


I. INTRODUCTION 


ANY problems involving the interaction of forces 

arising from distinct points can be simplified 
by using a Taylor series expansion of the potential 
around a conveniently chosen reference point. For ex- 
ample, although direct integration of the expression 
for the second virial coefficient of a gas is impossible 
if part of the potential energy is assumed to arise from 
point charges within each molecule, analytic approxi- 
mations to the integral have been obtained using the 
Taylor expansion.! 

Let S be a system of point charges or an integrable 
charge distribution contained within a sphere C(O, R); 
let g(P) be the potential at P: (x, y, z) defined by the 
system S. If P belongs to the exterior domain of 
C(O, R), the Taylor series expansion about O con- 
verges, and 


o(P)= p/r— (pz 9/dx+ py d/dy+ ps9/d2)(1/r) 
+41(Pea9/Ax°-+ > «++ Pya0/By92)(1/r)++++ (1) 
r: (?+y?+27)! 
pO: the total charge contained in C(O, R) 
pz, etc.: elements of the dipole vector 
p22, etc.: elements of the quadrupole tensor.?* 


* Present address: Department of Chemistry, University | of 
Southern California, Los Angeles 6, California. 

1 J. S. Rowlinson, Trans. Faraday Soc. 47, 120 (1951). 

20. D. Kellogg, Foundations of Potential Theory (Julius Springer, 
Berlin, 1929), p. 135 ff. 

5 The notation used for the Taylor expansion is that of J. A. 


The Taylor series notation for g(P) can be simplified 
and the computation required in certain problems re- 
duced through the introduction of the concept of 
spherical harmonics, i.e., of multipoles.‘ An mth-order 
multipole with moment »™ and characteristic direc- 
tions $1, ---, 8, (each s; a unit vector) may be defined 
as a point singularity whose potential at the endpoint 
of r~(0, 0, 0) is 


on(t)=(—1)"p™[ (sn: V)+ ++ (Si: V)A/r) J/n!. (2) 


If si=---=s,, then p™ is said to be a zonal or an 
axial multipole. 

Stated in terms of this definition, the problem of 
simplifying the notation becomes: When can the 
(n+1)(n+2)/2 multipoles of the th-order term of the 
Taylor series be reduced to a single multipole? Although 
for each spherical harmonic of degree the existence of 
a unique set of ” rays along which 8, ---, 8, must lie 
has been established, the method of the existence 
theorem requires the solution of an equation of the 
2-nth order.® A general solution of the reduction prob- 


Stratton, Electromagnetic Theory (McGraw-Hill Book Company, 


Inc., New York, 1951), p. 178. 
‘For discussion of the use of the multipole concept see, ¢.8: 
H. Margenau, Revs. Modern Phys. 11, 5 (1939). : 
5 The usual observations (A. G. Webster, Partial Differential 
ions of Mathematical Physics [(Hafner Publishing Company, 
New York, 1947), p. 298] do not establish the existence of the 
representation. See E. W. Hobson, The Theory of Spherical and 
ipsoidal Harmonics (Cambridge University Press, 1931), p. 121. 
For the existence theorem and a clarifying discussion of the prob- 
lem, see Hobson, The Theory of Spherical and Ellipsoidal Har- 
monics (Cambridge University Press, 1931), pp. 124-132, 135-137. 
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QUADRUPOLE FOR A CHARGE DISTRIBUTION 


lem appears to be available in a simple form only for 
the trivial case n= 1; a simple solution for n=2 follows. 


I. REDUCTION OF THE SECOND-ORDER TERM TO 
A SINGLE QUADRUPOLE 


Assuming that (x, y, 2) constitutes the principal axis 
system for the charge distribution S,° 


Poy” os Pes” _ Pus” =0. (3) 


The three remaining axial quadrupoles p22, pyy™, and 
ps” may be represented by a single quadrupole of 
moment p® and characteristic directions 


So= (se, S27, $3), (4) 


if and only if the coefficients of the quadratic forms 
obtained after differentiating and multiplying by r° are 
identical. Therefore, 


2pr2™ — Pyy — Per = p® (2sy!sq!— 53250? 543548) (5) 


2p — Pes” — pax = p (2si2sP—si'sz—sits#) (6) 


s1= (sy, si, s}°), 


pee” — Por — pyy™ = p™ (253%s.8—sy'sq!—sy°s2*) (7) 
O= p® (sy's2?+- 51s") (8) 
O= p® (si58-+- 533591) (9) 
O= p (s;?s8-+-s33s2?). (10) 


1 = (sy')?+ (s1?)?+ (si)? (11) 

1= (s2!)?-+ (s2*)?+ (ss*)?. (12) 
If p* 0, then by (8, 9, 10) for some i, 7: s,7=0. Since 
§; is not a zero vector, 


si=0 se=0 j=1, 2,3. (13) 


‘For a careful proof of the theorem that every real quadratic 
form is orthogonally equivalent to exactly one diagonal form, see 
G. Birkhoff and S. MacLane, A Survey of Modern Algebra (Mac- 
Millan Company, New York, 1948), Chapter IX, Sec. IX and 
Chapter X, Sec. IX. For a method of determining the principal 
axes, see e.g., J. L. Synge and B. A. Griffith, Principles of Me- 
_ (McGraw-Hill Book Company, Inc., New York, 1949), p. 
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The following solution for (p®, s;, 82) may be de- 
duced by using the observation that Eqs. (5)—(13) are 
symmetric in all variables. 

1. Find the principal axes of the charge distribution 
by solving for the eigenvalues of the charge distribution 
matrix.® 

2. (a) p?=0 if and only if p22 = py = p22. 

(b) If and only if exactly two of the three principal 
moments are equal, can the second-order term be repre- 
sented by a single nonvanishing axial quadrupole. 
Suppose py, = p22, then 

(1) s; and 8s are both parallel or both antiparallel to 
the x axis and p% = (p,,% — py). 

(2) s; is parallel and s2 antiparallel to the x axis and 
p” ee (P22 — Pyy™). 

(c) If and only if no two of the three principal mo- 
ments are equal, can the second-order term be repre- 
sented by a single nonvanishing quadrupole with two 
linearly independent characteristic directions. In this 
case, arrange the three principal moments in order of 
increasing magnitude. It may be shown that the direc- 
tion numbers of 81, S2 relative to the axis with the 
intermediate moment must be zero. For example, 
suppose 

Pez < Puy < pre. Set s?=s?=0. 
Then 
(si'= —(+)sz') and (s*=+(—)s2*) 
p® = —(+) (pz — paz) 
s{= = [(p22” ae Puy™)/ (pez jae pe) |} 
sP=+[ (pee — Pyy™)/ (per — paz) J}. 


Although, for a given reference point (p, s1, S2) are 
unique (save for compensating changes of sign), it must 
be noted that all three quantities depend on the refer- 
ence point selected. 

In terms of the alternative notation for spherical 
harmonics, the axial quadrupole has the potential 
p”P»° (cos6)/r’ provided s;=s2=2z; the quadrupole 
with s; perpendicular to s2 has the potential p@ P;! 
X (cos@)cos¢/2r* provided s;=2, 8:= x. p® is the quad- 
rupole moment and P,, (cos@) is the associated Legendre 
polynomial. 
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The Spectra of HCl, NH;, HO, and H.S from 100 to 700 Microns* 


T. Kinc McCussin, Jr. 
The Johns Hopkins University, Baltimore, Maryland 


(Received November 23, 1951) 


This paper reports the pure rotation spectra of HCl, NHs3, H.O, and H.S in the region of the far infrared 
from 100 to 700 microns. Observations were made using an instrument which had a resolving power of from 


1 to 2 cm™ in that region of the spectrum. 





INTRODUCTION 


HIS paper is a report of some studies of molecular 
spectra which have been made using a far infrared 
grating spectrometer which the author and William M. 
Sinton have constructed.! The spectrometer, shown in 
Fig. 1, used one-foot square milling machine produced 
diffraction gratings, a quartz mercury arc source, and a 
Golay cell detector. Gratings spacings were 663 lines 
per inch for the region from 100 to 300 microns and 25 
lines per inch for from 300 to 700 microns. Atmospheric 
water vapor absorption, especially at wavelengths 
shorter than 200 microns, was still evident even after 
the entire optical path of the instrument had been 
flushed with prepurified nitrogen which had passed 
through a liquid nitrogen trap. The resolving power of 
this spectrometer is from 1 to 2 cm™ in the region from 
100 to 700 microns. Except for the work at the Uni- 
versity of Michigan with Randall’s spectrometer,? which 
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Fic. 1. The one-foot far infrared grating spectrometer. 


*This paper is part of the author’s doctorial dissertation at 


was capable of resolving spectral lines as close together 
as 1 cm™ out to 140 microns, the best previous resolu- 
tion in the infrared beyond 100 microns has been of the 
order of from 5 to 10 cm™. 


HYDROGEN CHLORIDE 


Figure 2(a) shows the four longest wavelength pure 
rotation lines of HCl. These lines were measured using 
an absorption cell having a 5-cm path length. The poly- 
ethylene windows on this cell were too thin to permit 
evacuation. Therefore, the following procedure for fill- 
ing the cell was necessary: First, the cell was flushed 
with prepurified dry nitrogen in order to remove 
atmospheric water vapor. Next, enough of the absorbing 
gas was allowed to enter the nitrogen-filled cell to 
cause the desired intensity of absorption. Total pressure 
in the cell was always atmospheric pressure. Observed 
frequencies of the HCl lines are given in Table I. The 
average value for By computed from observed fre- 
quencies of these four lines is 10.40 cm™. This value is 
in close agreement with Czerny’s’ value of 10.395 cm“. 
Czerny observed pure rotation lines having final J 
values of 4 through 11 in the spectral region from 45 to 
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The Johns Hopkins University. The equipment used was con- 
structed with the support of the ONR, Contract N5-ori-166, 
Task Order V. 

1T. K. McCubbin, Jr., and W. M. Sinton, J. Opt. Soc. Am. 42, 
113 (1952). 

? Randall, Dennison, Ginsburg, and Weber, Phys. Rev. 52, 
160 (1937). 


Fic. 2. Far infrared transmission spectra of hydrogen chloride, 
ammonia, and water vapor. Triangles representing computed fre- 
quencies and intensities of absorption lines are drawn with equal 
apex angles and have areas proportional to intensities. 


-__ 


‘S. M 
A63, 470 


3M. Czerny, Z. Physik 34, 227 (1925). 
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TABLE I. HCI rotation lines. 












yin cm~! 


Calculated* Observed B in cm~! 













0 1 20.79 20.8 10.40 
1 2 41.57 41.6 10.40 
2 3 62.33 62.5 10.42 
3 4 83.06 83.1 10.40 








® yale = 20.79J’ —.0016J’%. Czerny (reference 3) evaluated these mo- 
lecular constants from his observations of rotation lines having J’ =4 
through 11. 

»  —Zobs +0.0016J"s 
= 2J’ 


= Zobs 42 
a7 +0.008" 


130 microns. Measurements‘ of the vibration-rotation 
bands give a value of By>=10.44 cm™. The value Bo 
=10.45 cm™ is obtained from Strong’s* measurements 
of the HCI pure rotation emission spectrum from 13 to 
30 microns (final J’s 17 through 33). 


AMMONIA 


The absorption spectrum of NH; showing the four 
longest wavelength rotation lines is presented in Fig. 
(b) and Table II. This spectrum was obtained using 
the 5-cm cell containing a mixture at atmospheric 
pressure of nitrogen and ammonia. All of the ammonia 
lines except the lowest frequency line should show a 
splitting having a separation equal to twice the inver- 
sion frequency of the molecule in the zero vibrational 
state. The spectrometer did not have enough resolution 
to resolve the splitting of the /=3—J=4 line at 79.45 
mm. The lower of the J=O energy levels does not 
occur. Therefore, only the lower frequency component 
of the doublet for J=Q—-J=1 should be observed. 
Table II is a tabulation of calculated and observed 
frequencies of the ammonia lines. Wright and Randall’ 
have observed the splitting of the pure rotation lines of 
ammonia having final J’s of 5, 6, and 7. 


WATER VAPOR 


Atmospheric water vapor in the optical path of the 
spectrometer caused enough absorption to permit 
study of the far infrared water vapor spectrum. Figure 3 


TABLE II. NH; rotation lines. 











vincm™ év in cm=! 
J” F od Calculated* Observed Observed Bin cm~ 
0 1 19.89¢ 19.1 see 9.90 
1 2 ' 39.77 39.8 1.4 9.95 
2 3 59.62 59.5 1.4 9.93 
3 4 79.45 79.4 notresolved 9.92 








* Yale =19.890J’ —0.00178J"3 (reference 9, p. 175). 

> B=(vote/2J’) +0.0009J"2, 

*Values of calculated frequencies refer to the frequency midway between 
the two inversion components. The observed frequency for the 0-1 line 
ont ” 6v/2 lower than the calculated frequency because this line is not 

ied. 





*S. M. Naudé and H. Verleger, Proc. Phys. Soc. (London) 
463, 470 (1950). 

*J. Strong, Phys. Rev. 45, 887 (1934). 
*D. M. Dennison and J. D. Hardy, Phys. Rev. 39, 938 (1932). 
"N. Wright and D. M. Randall, Phys. Rev. 44, 391 (1933). 
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Fic. 3. Water vapor spectra traced directly from recorder 
charts. Triangles represent computed lines. The false lines at 44 
and 23.5 cm™ are the second-order spectra of the lines at 88 and 
47 cm“. Areas of the triangles are portional to computed in- 
tensities. 


is a trace with the noise removed of the spectrum drawn 
by the recording potentiometer showing water vapor 


TaBLe III. Water vapor spectrum. 











ls Calculated Observed Calculated 
Line Transition frequency frequency relative 
number Jz?” Jr” cm! cm-1 intensity 
1 ‘4 1; 18.58 18.7 44.2 
2 2_2 20 25.09 25.2 35.6 
3 4, 5_2 32.28 32.4 1.1 
4 1o 2_2 32.96 33.0 20.4 
5 3_3 321 36.61 36.5 115 
6 Oo 1p 37.14 37.2 37.1 
7 2 3.1 38.79 b 16.8 
8 aa 31 38.79 116 
9 4. 4 40.25 40.2 33.4 
10 20 22 41.00 40.9 30.4 
11 5_3 a 47.05 47.0 69.2 
12 44 4+ 53.44 53.5 33.0 
13 : 21 55.41 b 89.6 
14 7.2 : 55.71 222 
15 2-1 3_s3 57.27 57.3 195 
16 6_2 60 58.82 58.8 11.1 
17 6_4 6_2 59.79 b 14.6 
18 7-3 or 60.02 17.6 
19 aA 51 62.29 62.3 58.4 
20 4, 5.1 64.01 10.6 
64.2 
21 3_2 30 64.02 b 38.5 
22 8_4 8_2 67.11 2.25 
23 4o 4, 68.13 68.1 26.9 
24 30 4 69.19 69.3 18.7 
25 2_2 3_2 72.21 72.3 110 
26 31 33 we . 83.4 
27 ba 5_3 74.09 89 
28 43 4.) 75.558 75.5 116 
29 9_3 91 77.52 2.56 
30 Ls 7-3 78.21 . 29.0 
31 30 32 78.97 29.1 
32 3_2 44 79.77% 79.5 111 
33 9_s 9_3 80.98 3.88 
34 8_2 8o 81.68 2.44 
35 4, 4, 82.115 81.9 101 
36 61 71 85.608 Cc 3.97 
37 5_2 5o 87.88 27.6 
38 3_s 43 88.06 88.1 405 
39 71 71 88.878 c 16.8 
40 Sut 5_2 89.53" Cc 27.9 








® (Reference 2). 
b Observed as a single line. 
© Not seen clearly enough to permit accurate assignment of frequency. 
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TABLE IV. Hydrogen sulfide spectrum. 
absor] 


Calculated spectrum lines Calculated spectrum lines absor} 
7 =300°K Frequency of T =300°K Frequency of at 20° 
Jen” Jr” Intensity observed bands Tyr! Intensity observed bands aes : 


31 33 21.0 i ta 42.8 : 
43.9 the au 

ra 131.6 was ol 
32 51.14 Figure 
2s poe missiO 
1141 drawit 


297 at 
630 61.7 to 62.7 ushe 
throug 


drying 
The 
Figs. 
and in 
They | 
levels 
vibrat 
from t 
interps 
Haine 
Tab 
water 
lines i1 
rotatic 
with | 











Soaks 

ROP NON P WNW ANS © 00¢ 

an Mmoun~Tos Co NS 
AA*SERSOE = * 


Nos — bO 
COMOROS: 
to ~ 
BBBRO“a-S 


wn 
weSS 
— —) 
noe nn 


—_ 
SSNS 
ee Oo 














HCl, NHs, 
absorption. For the region from 50 to 120 cm™ the 
absorption is caused by a path of about 4 inches of air 
at 20°C and 60 percent relative humidity. The spectrum 
from 33 to 55 cm™ was obtained with a path through 
the air of about a foot. The lowest frequency spectrum 
was obtained with about 6 feet of laboratory air path. 
Figure 2(c), the H,O spectrum plotted as percent trans- 
mission, was computed from the envelope obtained by 
drawing a curve through the intensity maxima of the 
spectrum taken after the entire optical path had been 
flushed with prepurified nitrogen which had passed 
through a liquid nitrogen trap. Even this degree of 
drying failed to remove the strong water lines. 

The triangles drawn above the observed spectra in 
Figs. 2(c) and 3 represent the calculated frequencies 
and intensities of the pure rotation lines of water vapor. 
They were calculated by W. S. Benedict® using energy 
levels based on a restudy of the complete rotation- 
vibration spectrum. These levels differ only slightly 
from those of Dennison.® Transition probabilities were 
interpolated for «= —0.438 in the tables of Cross, 
Hainer, and King.!° 

Table III, a tabulation of the observed and computed 
water vapor spectrum, reports the observation of 35 
lines in the region of 89 to 15 cm™. Previously, the pure 
rotation spectrum of water vapor had been mapped 
with high resolution only to frequencies as low as 75 
cm in the infrared.? 


HYDROGEN SULFIDE 


Observed and computed spectra of H2S are presented 
in Table IV and Fig. 4. The 5-cm cell containing a mix- 


* Written communication; cf. W. S. Benedict and E. K. Plyler, 
J. Research Nat. Bur. Standards 46, 246 (1951). 

°D. M. Dennison, Revs. Modern Phys. 12, 189 (1940). 

Cross, Hainer, and King, J. Chem. Phys. 12, 200 (1944). 
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Fic. 4. The far infra spectrum of H2S with computed spectrum. 


ture of the absorbing gas and dry nitrogen at atmos- 
phere pressure was used again. The computed spectrum 
is represented by lines with lengths proportional to the 
intensities of the absorbing lines. This method of repre- 
sentation was chosen instead of the triangles because it 
was better suited to the regions of the spectrum where 
many lines are crowded together. The energy levels 
used in the calculation are those of Cross.!! These en- 
ergy levels are complete through J= 8 and include some 
of the lower levels for J as high as 12. Most of the lines 
which cannot be computed from these levels are either 
very weak or are of higher frequency than 100 cm™. 
Intensities are calculated from the tables of Cross, 
Hainer, and King* for a temperature of 300°K and 
with the asymmetry parameter of x=0.5. 
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The Electrical Conductivity of Liquid Selenium and Selenium-Tellurium Mixtures* 
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The electrical conductivity of liquid selenium and selenium-tellurium mixtures was studied in detail. 
Measurements in the temperature range 230° to 500°C from dc to 1 mc/sec indicated the conductivities to be 
frequency-independent at low field strength (<5 v/cm). For larger fields (5 to 250 v/cm) the conductivity 
increases and higher dc than ac values result. Adding increasing amounts of tellurium to selenium produced a 
continuous rise in conductivity from 1.26X 10~* ohm™ cm™ (pure Se) to 2.08 10—! ohm cm™ (50.3 percent 
Se, 49.7 percent Te) at 480°C and a decrease in activation energy from 1.14 ev to 0.84 ev. Comparatively good 
reproducibility was obtained in the measurements. An attempt to study ionic migration in liquid selenium by 
tracer methods has thus far not given satisfactory results. The conductivity values obtained for pure selenium 
are in good agreement with those presented by Henkels but disagree with those of Borelius. The electrical 
characteristics of liquid selenium and selenium-tellurium mixtures indicate that hole conduction as pictured 
for selenium in the solid state cannot be considered as an adequate explanation of the conduction process in 
these liquids. A complex mixture of conduction by electrons, holes, and ions is believed to exist. 
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INTRODUCTION 


LONG-RANGE research program on the transi- 

tion from electric insulators to metals in the VJ, 
group oi the periodic system is under way in this 
laboratory. As a link in this work an investigation of the 
electrical conductivity of liquid selenium and selenium- 
tellurium mixtures has been undertaken. A recent x-ray 
investigation of solid -selenium-tellurium alloys in this 
laboratory by Grison! gave valuable evidence as to the 
substitution of Te for Se and connects this phase of our 
research to proposed electrical measurements on single 
crystals of the solid Se-Te copolymers. 

While no previous research on the electrical con- 
ductivity of liquid Se-Te mixtures has apparently been 
reported, for the liquefied elements themselves the 
following work preceded ours. Pélabon? undertook a 
single series of conductivity measurements on Se be- 
tween 390° and 690°C. Borelius and co-workers® re- 
ported on the conductivity of liquid and solid selenium 
from room temperature to 500°C. For liquid selenium 
the specific resistance followed the law loge=A+B/T 
in the range measured. The factor B which is related to 
the activation energy of the conduction process was 
found to vary from 2550 to 6700 and the measured 
conductivities were dependent on the time of heating, 
the particular specimen, and the depth of immersion of 
the platinum electrodes in the melt. Much more re- 
producible data were recently obtained by Henkels ;* his 
average value of B is 5850 (max deviation, 3.4 percent) 
and A is —3.81 (with 10 percent deviation). A slight 
change in the temperature coefficient at about 300°C 
was attributed to the presence of selenium dioxide. 
Kraus and Johnson’ reported measurements on liquid 

* Sponsored by the ONR, the Army Signal Corps, and the Air 
Force under ONR Contract NSori-07801. 

1E. Grison, J. Chem. Phys. 19, 1109 (1951). 

2H. Pélabon, Compt. rend. 173, 295 (1921). 

3 Borelius, Phihlstrand, Andersson, and Gullberg, Arkiv Mat. 
Astron. Fysik 30A, No. 14 (1944). 

4H. W. Henkels, J. Appl. Phys. 21, 725 (1950). 


5C. A. Kraus and E. W. Johnson, J. Phys. Chem. 32, 1281 
(1928). 
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and solid tellurium and tellurium-sulfur mixtures. A 
continuously increasing resistivity from 6.41010" 
ohm cm at 440°C (undercooled) for pure tellurium to 
2.317X10® ohm cm at the same temperature for 
tellurium containing 85 percent sulfur was found. 
Several investigations on the conductivity and photo- 
conductivity of solid selenium-tellurium mixtures have 
been reported.® 







CONDUCTIVITY CELLS 
Experimental Procedure 







Our conductivity cells were made of quartz because it 
is more resistant to selenium attack than any other glass. 
Very pure graphite served as the electrodes as this 
material proved to be the only one inert to selenium 
attack in our test of the most inactive elements: gold, 
platinum, and graphite. The pure selenium and mixtures 
with a low tellurium content were measured in a coaxial 
cell (Fig. 1) designed to give an even field distribution 
and to enable measurements up to 1 mc. The capillary 
cell of Fig. 2 was used for mixtures rich in tellurium. 
Both cells were mounted in the furnace shown. The 
selenium or Se-Te mixture was introduced into the cell 
in a two-step distillation in Vycor apparatus under a 
pressure of 2X10-' mm Hg. An evacuation time of 
about 10 hr insured complete outgassing before sealing 
the cells. 

The cells were calibrated with M/50 and M/100 KC 
solutions at 10 kc. From the results a series lead 
resistance of 0.2 ohm and a geometrical cell constant 
(length/cross section) of 0.0415 cm— (electrode capaci- 
tance 2.13 wyuf) were calculated for the coaxial cor 
ductivity cell. A cell constant of 369 cm™ was obtained 
for the capillary cell. The inductive effect in the leads o 
the coaxial cell was found to be 1.4 10-6 # from meas 
urements on conductivity water at 100 kc, 1 mc, and 
3.45 mc. 

6 For a survey see Gmelins Handbuch der anorganischen Chemit 


(Verlag Chemie, G.m.b.H., Weinheim/Bergstrasse, Theil 10, Selen 
A2, 1950), p. 356. 
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CONDUCTIVITY OF LIQUID Se 


Measurement Technique 


The dc measurements were carried out on a Wheat- 
stone bridge (galvanometer sensitivity, 1.4 10-® amp). 
The ac measurements up to 10 kc were made by the 
resistance substitution method using a General Radio 
capacitance bridge, while at radio frequencies a suscep- 
tance variation circuit was used. The temperature in the 
furnace was determined with a chromel-alumel thermo- 
couple calibrated together with the potentiometer at the 
condensing points of steam and _ sulfur with an esti- 
mated accuracy of +1°C. 

The errors in the resistance measurements at dc and 
1 to 10 kc amounted to one percent except for the 
measurements on the field-strength dependence of the 
conductivity, where they were 2 percent. The error at 
radio frequencies and high temperatures was 5 to 10 
percent since the large conductivity resulted in a 
flattened resonance band with sample in. At inter- 
mediate temperatures the error was reduced below 5 
percent. The accuracy of the cell calibrations for 
measurements from dc to 10 kc equaled 3 percent, and 
above 300°C the error was estimated to be 5 percent for 
measurements at radio frequencies. 


Purity of the Selenium and Tellurium 


Spectrographic analysis of the selenium’ for 70 ele- 
ments showed only traces of copper, potassium, mag- 
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Fic. 1. Furnace and cell for conductivity measurements on liquid 
Se and Se-Te mixtures. 


"Our selenium and tellurium was obtained from the American 
Smelting and Refining Company, New York, New York. 
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Fic. 2. Conductivity cell for measurements on: Se-Te mixtures 
with high Te content. 


nesium, and sodium. The copper and the magnesium 
may have come from the electrodes. The total amount of 
impurities was <30 parts per million. A spectrographic 
analysis of the tellurium’ for 20 elements by the 
manufacturer gave evidence of very faint traces of iron, 
copper, and silicon, and some trace of arsenic. 


EXPERIMENTAL RESULTS 
Temperature Dependence of the Conductivity 
Pure Selenium 


Two complete conductivity curves from 230° to 500°C 
and back (designated as Runs 1 and 2) were obtained 
for pure selenium. Most measurements were taken at 
low field strength (below 5 v/cm). The conductivities 
measured at dc, 300 c, 1 kc, and 10 kc agree within 2 
percent. The higher experimental error for measure- 
ments on the susceptance variation circuit caused a 
larger spread of the data at 100 kc and 1 mc. The data at 
temperatures above 300°C show the conductivity to be 
independent of frequency (dc to 1 mc). A nonlinear 
relationship between loge (¢ is the volume conductivity) 
and 1/T found in the return run of Run 1 proved to be 
due to the presence of SeO2 (see insert, Fig. 3). This 
effect of the oxide was found previously by Henkels.* A 
crack had formed in the seal of the cell at elevated 
temperatures and a small amount of air had leaked in. 
Evaporation in vacuum removed the SeO:2 and the linear 
relationship between loge and 1/T became restored. 


Selenium-Tellurium Mixtures 


Runs 3 to 6 refer to samples containing 0.1, 1.0, 5.0, 


and 19.8 percent of tellurium. A few checks proved the 
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Fic. 3. Electrical conductivity of liquid Se and Se-Te mixtures. 
Insert, effect of SeO2 on conductivity of pure Se. 


» conductivity still to be independent of frequency up to 
1 mc. Most data were taken from dc to 100 kc. Good 
agreement was found in the measurements taken with 
rising and falling temperature in Run 3. A small de- 
crease in slope was observed above 330°C but the 
direction of the change was opposite to that found for 
melts containing oxide. Trapped air in the bottom of the 
leads unfortunately contaminated the melt for Run 4 at 


TaBLeE I. Electrical conductivity of liquid selenium and selenium- 
tellurium mixtures at 480°C. 








Conductivity (ohm~! cm™) 


1.25 10-4 
1.26 10-4 
1.30X io} shown 
1.45X10-4/ in Fig. 3 
2.13 10-4 
2.15X 10-3 
2.08 X 107 


Composition of melt 





Pure selenium, Run 1 

Pure selenium, Run 2 
908 Se, 0.1% Te, Run 3 
99.0% Se, 1.0% Te, Run 4 
95.0% Se, 5.0% Te, Run 5 
80.2% Se, 19.8% Te, Run 6 
50.3% Se, 49.7% Te, Run 7 








high temperatures and caused the familiar nonlinear 
relationship between loge and 1/T in the curve taken 
with falling temperature. A close agreement was ob- 
tained for rising and falling branches in the conductivity 
vs temperature curves in Run 5. For Run 6 only the 
rising branch of the curve is given as experimental 
difficulties made the results obtained with falling tem. 
perature unreliable. 

Run 7, with 49.7 percent of tellurium in the melt, was 
carried out with the capillary cell because the mixture 
was too conducting for the coaxial sample holder to be 
used. To avoid the formation of gas bubbles in the 
capillary, the cell was sealed off at about 400°C under 
50 cm of helium pressure. Measurements were taken 
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Fic. 4. Conductivity of Se-Te mixtures at 480°C. 
from dc to 100 kc between the melting point of the 
mixture (~345°) and 500°C. The design of the cell 
prevented measurements at 1 mc. No change in slope 
was observed after reversal of the direction of tempera 
ture change. 

The data obtained for pure selenium and the various 
selenium-tellurium mixtures are shown in Fig. 3; the 
values for the various melts are compared at a temper 
ture of 480°C in Table I. 

The continuous increase in conductivity with tellurium 
content is shown in a logarithmic plot in Fig. 4. The 
straight line connecting the value of the conductivity of 
pure selenium observed by the author, with the value 4 
pure tellurium reported by Kraus and Johnson, fits the 
data relatively well. 
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CONDUCTIVITY 


Activation Energies 


The temperature dependence of the conductivity may 
be expressed by an activation energy equation 


c= aoe U! a=) 
which can be rewritten as 
logs = A’—(B/T), 


where A’=logoy and B=(U/k) (loge). The values ob- 
tained for A’, oo, B, and U are given in Table II. 


Field-Strength Dependence of the Conductivity 
of Liquid Selenium 


The conductivity characteristics reported above refer 
to an applied field strength of less than 5 v/cm. At 
higher fields the conductivity was found to depend on 
the duration and magnitude of the applied voltage. This 
elect was investigated in detail during Run 2 on pure 
slenium (Figs. 5 and 6). The conductivity rises at 
constant voltage to a final value, and returns slowly 


TaBLE II. Constants in the activation energy equation for 
liquid selenium and selenium-tellurium mixtures in the tempera- 
ture range 230°-500°C. 








Uev 


1.15 
1.22 
1.13 
1.20 


A’ 


3.81 
4.31 
3.67 
4.12 


goohmtcm7! B 


6.5X10% 5810 
2.1X104 6140 
4.7X10% 5700 
1.3X10' 6040 


6210 
5780 
5960 
5650 
5680 
4730 
4220 


Run no. 





Run 1 up (pure selenium) 

Run 1 after removal of SeOz 

Run 2 up (pure selenium) 

Run 2 down 

Run 3 up and down (0.1% Te) 
low temperature 
high temperature 

Run 4 up (1% Te) 

Run 5 up (5% Te) 

Run 5 down (5% Te) 

Run 6 up (19.8% Te) 

Run 7 up and down (49.7% Te) 


1.23 
1.15 
1.18 
1.12 
1.13 
0.94 
0.84 


4.50 
3.78 
4.08 
3.83 
3.86 
3.60 
4.92 


3.1X 104 
6.1 108 
1.210 
6.8X 10° 
7.2X 108 
4.0X 108 
8.3 104 








again to the original after removal of the voltage. The 
elect of reversal of the polarity during a continuous run 
was recorded for a field strength of 250 v/cm at 256° and 
for several field strengths at 402°C. 

Summarizing, we found that: 


1. The conductivity rises with an increase in field strength. 

2. This increase is appreciably larger for dc than for ac. 

3. The effect is larger with the center electrode as anode than 
as cathode. 

4. Reversal of the polarity during a continuous run results in 
an abrupt decrease of the conductivity followed by a slow increase. 

5. When the applied voltage is removed the original value of 
the conductivity is slowly restored. 

6. The effect of the field strength on the conductivity is de- 
teased by over 50 percent when the measurements are made at 
2° instead of 256°C. 


The dependence of the conductivity on the electrode 
polarity was even apparent at low field strengths (1 to 5 
v/em). Higher values resulted with the center electrode 
‘8 anode than as cathode, the difference increasing at 
lower voltage, but the effect is of the order of one 
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Fic. 5. Field-strength dependence of the conductivity of pure 
liquid Se (a) at 256°C, (b) at 402°C. 


percent and can therefore be neglected in the discussion 
of activation energies. 

Similar measurements on the mixture containing 19.8 
percent tellurium at 289° and 402°C showed only a small 
field-strength and practically no polarity dependence of 
the conductivity. For a field strength below 100 v/cm 
all changes were within 2 percent, i.e., within the ex- 
perimental error. An increase in the conductivity of 
about 3 percent at 100 v/cm was partially due to the 
clearly noticeable heating of the sample by the current. 


Z 


@ Extrapolated vaiue 











| ! | 


100 200 





Field strength v/cm 


Fic. 6. Field-strength dependence of the conductivity of pure 
eliquid Se (dc, center electrode positive, equilibrium values). 
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DISCUSSION 


Since, by chemical reaction between selenium and 
quartz, traces of impurities seemed to enter the melt on 
long heating at elevated temperatures, the initial meas- 
urements with increasing temperature were considered 
the most reliable for each run. The values so obtained 
for the two runs on pure selenium showed good agree- 
ment giving an average value for B of 5760 (1.14 ev) 
with an error of less than 1.0 percent. The average value 
of A’ was 3.74 with an error of 1.9 percent. If all curves 
on pure selenium (except for those affected by SeO:) 
were considered, the corresponding numbers were: 
B=5920 (error, 3.7 percent) and A’=3.98 (error, 8.3 
percent). These results are in agreement with the 
measurements presented by Henkels‘ with a B (average) 
of 5850 (error, 3.4 percent) and an A’ (average) of 3.81 
(error, 10 percent), but disagree with those by Borelius.* 
Henkels made his measurements in an open beaker and 
obtained SeO2 contamination in the melts as indicated 
by some of his curves. In the present investigation a 
nonlinear relationship between logs and 1/T was ob- 
served only when air leaked into the cell. The presence 
of oxide gives a higher slope above ca 330°C, and the 
value of 5850 reported as average for B by Henkels 
(compared to 5760 found by the author) can thus be 
explained. However, the difference is small (1.6 percent) 
and the results support each other. 


CONDUCTION MECHANISM IN LIQUID SELENIUM 
AND SELENIUM-TELLURIUM MIXTURES 


The semiconductor theory as applied to a periodic 
lattice in the solid state cannot be assumed to hold for 
the random structure of a liquid. To account for the 
exponentially increasing conductivity with temperature 
of liquid selenium, an ionic conduction by positive and 
negative ions was suggested.® ‘The lowered viscosity and 
shortened chain length at elevated temperatures would 
favorably influence an ionic conductivity. Attempts 


8 A. von Hippel, personal communication. 


B. LIZELL 


wumade by the author to achieve direct evidence of ionic 


migration by a tracer technique have thus far given no 
results which justify a statement in one direction or 
another. Conductivity measurements cannot give in- 
formation on the conduction mechanism involved, since 
both electronic and ionic conduction are expected to 
follow an exponential law 


o= oe kT) 


in their temperature dependence. 

The measurements on selenium-tellurium mixtures 
indicate that a simple electronic conduction process does 
not occur. Selenium and tellurium form true copolymers 
by replacement of a selenium atom in a chain by a 
tellurium atom.! Additions of small amounts of tellurium 
to a selenium melt would therefore be expected to de- 
crease hole conductivity along the chains due to the 
interrupted periodicity of the molecule. The continuous 
increase in conductivity from 1.26 10~* ohm™ cm for 
pure selenium at 480°C to 2.0810 ohm cm fora 
mixture containing 49.7 percent tellurium at the same 
temperature, with a subsequent change in activation 
energy from 1.14 ev to 0.84 ev, does not give evidence of 
such a phenomenon. The comparatively long time re- 
quired for the final values to be established in the 
measurements on the field-strength dependence of con- 
ductivity suggests that a migration process takes place. 
For a proper interpretation of the results additional 
information is required. The observed electrical charac- 
teristics suggest a complicated mixture of conduction 
through holes, electrons, and ions. 
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Flow Birefringence in Polydisperse Systems of Rod-Like Molecules Having a 
Montroll-Simha Distribution 
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Values of the quantities measured in flow birefringence experiments (extinction angle x and optical 
factor F) are calculated for polydisperse systems of rigid rod-like molecules, where the polydispersity is as- 
sumed to arise from random degradation of a system of molecules all having the same initial length. The re- 
cent calculations of Scheraga, Edsall, and Gadd, and the distribution function of Montroll and Simha are 
used. A number of simplifying assumptions are made, and their effect on the results is discussed. 





INTRODUCTION 


HE usefulness of flow birefringence as a tool for 
the study of the size and shape of large molecules 
has been greatly enhanced by the work of Scheraga, 
Edsall and Gadd,! who have solved the equation of 
Peterlin and Stuart? by numerical methods for large 
values of the velocity gradient. As SEG points out, it is 
possible with the aid of these computations to deal with 
polydisperse systems in a more quantitative way than 
has previously been possible. 

The equations that determine the quantities measured 
in a flow birefringence experiment when the system is 
polydisperse have been given by Sadron.* These were 
tested experimentally on systems of two chemically 
different components by Sadron, and applied by Edsall 
and Foster* to the case of a molecule associating to 
form a dimer. 

In the study of flow birefringence in certain systems 
in which there was some reason to believe that the 
molecules were essentially rigid, as is required by the 
theory of Peterlin and Stuart,? deviations from the 
theoretical curve of SEG for extinction angle against 
gradient were observed ; these deviations were consistent 
with the assumption that these systems are polydisperse 
in the sense of having a distribution of sizes among 
molecules that are essentially similar otherwise.® 

In a preliminary attempt to deal with this situation 
theoretically, a form of size distribution was assumed 
that was easily treated mathematically. This was a 
“tectangular” distribution; i.e., one in which the num- 
ber of molecules having a given length was constant 
over a specified range of lengths and zero outside this 
range. 

On comparison of the calculated values with experi- 
mental data, it was found that the theoretical curve for 
this type of distribution accounted for only a part of the 

*U. S. Public Health Service Postdoctoral Fellow of the 
National Institutes of Health. Present address: Department of 
Chemistry, Harvard University, Cambridge, Massachusetts. 

Scheraga, Edsall, and Gadd, J. Chem. Phys. 19, 1101 (1951). 
This paper will be referred to as SEG. 

A. Peterlin and H. A. Stuart, Z. Physik. 112, 1, 129 (1939). 


*C. Sadron, J. phys. et radium 9, 381, 384 (1938). 
aod Edsall and J. F. Foster, J. Am. Chem. Soc. 70, 1860 


*M. Goldstein, 119th Meeting Am. Chem. Soc., Boston, 
(April,"1951). 


observed deviations from the curve of SEG. On ex- 
amination of the results of the calculation, a possible 
reason for this failure could be deduced; in flow bire- 
fringence observations at low and moderate velocity 
gradients, the largest molecules contribute most heavily 
to the phenomenon; in a distribution where these are 
present in molar amounts comparable to the smaller 
molecules they dominate the situation, and while the 
calculated curves for such systems will deviate from the 
monodisperse curve, they will not deviate by much. 
In other words, flow birefringence is sensitive not 
merely to the existence of polydispersity, but sensitive 
to the form of the distribution at the high molecular 
weight end.§ 

Obviously a more realistic form of molecular distri- 
bution is needed for this type of calculation. Perhaps 
the most generally useful would be a Gaussian one. 
Scheraga has treated this case in a preliminary way.® 

However, in some systems of large molecules having a 
biological origin, there is reason to postulate that in the 
living tissue there exist parent molecules having a 
fixed length; polydispersity arises from some de- 
gradation of the parent molecule that takes place on 
extraction from the tissue.’ For this type of system the 
distribution function worked out by Montroll and 
Simha® is the appropriate one. 


THEORY 


Montroll and Simha treat the distribution of /-mers 
resulting when N molecules, all composed of p+1 
monomers, are subjected to a degradation process 
involving the random breaking of a fraction st of the 
total of Np bonds in the system. They find for the 
number of /-mers VV, 


N,.=Ns(1—s)*“[2+(p—4s] tsp (1) 
and for the number of undegraded molecules N p,1 
Noy=Ni—s)?. (2) 


6H. A. Scheraga, J. Chem. Phys. 19, 983 (1951). 

7See for example Scatchard, Oncley, Williams and Brown, 
J. Am. Chem. Soc. 66, 1980 (1944). 

8 E. W. Montroll and R. Simha, J. Chem. Phys. 8, 721 (1940). 

t The symbol s is used in place of the a of Montroll and Simha 
to avoid confusion with the a used later in this paper to represent 
the ratio of the gradient to rotary diffusion constant. 
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To determine the flow birefringence parameters of 
such a system, the weight fractions of /-mer and p+1- 
mer are needed; these are proportional to ¢‘N,; and 
(P+1)N pi. 

It was found convenient to simplify the expressions 
for the weight fractions by the neglect of unity com- 
pared to » and /¢, and with the introduction of the 
approximations 
(1 —5s) —l~e-#t 
(1—s)? Ses. (3) 


These approximations fail under two conditions. One 
is when s is appreciable compared to unity; this repre- 
sents physically a system in a very advanced degree of 
degradation. The other is when sf and sp are large 
compared to unity (equal to 10 or greater) ; under these 
conditions the number of highly polymerized molecules 
at somewhat advanced degrees of degradation is in 
error, but this is under conditions when this number is 
so small that these large molecules are no longer con- 
tributing appreciably to the observed birefringence. It 
is interesting to note that with the approximations (3), 
the correct valué for the number average molecular 
weight of the distribution is obtained regardless of the 
value of s. 

With the aid of the above approximations, ‘N, is 
expressible as a function of two parameters only: s, 
which has the meaning of the average number of bonds 
broken per parent molecule; and st. 

We obtain 


tN.=N[(2—sp)st—s*? Je-**. (4) 


For convenience we introduce two new variables y=sp 
and x=t/p. x varies from 0 to 1 over the distribution. 
We find 

iN.=N[(2+-y) yx— 7? Je”. (5) 


As we wish to replace a sum over the distribution by 
an integral, we must integrate with respect to the 
variable that takes on successive integral values, namely 
t. Since dt= pdx we obtain for the weight fraction of 
material in the range dx: 


iN dt/pN =((2+-y)yx— yx? Je-*dz. (6) 


Neglecting unity compared to p, the weight fraction 
of undegraded parent molecule is given by 


pN,/pN =e”. (7) 


Thus we see that although the ratio of the weight of 
i-mer to weight of parent molecule is dependent ex- 
plicitly on p, the number of bonds in the molecule, the 
ratio of weight within a range of ¢ values covered by dx 
is not. This is to be expected intuitively. 

We find 


J [(2t+y)ve—yat]erde=t—e7, (8) 


so the distribution is normalized. 
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In flow birefringence measurements two quantities, 
x, the extinction angle, and A, the amount of bire. 
fringence, are obtained. In monodisperse systems of 
rigid ellipsoidal molecules these are functions of two 
parameters; a, the dimensionless ratio of velocity 
gradient G to the rotary diffusion constant @ of the 
molecule, and the axial ratio. At large axial ratios 
(greater than 20) x is almost independent of axial 
ratio and A is only slightly sensitive. Hence for elon- 
gated molecules, the limiting values for axial ratio 
equal to infinity from SEG are used. 

x is given as a function of a in tabular form by SEG. 
A is given by the relation!: 


A= (24c/ns) (gi— g2) f(a), (9) 


where f(a) is a function of a given in tabular form in 
SEG, c is the volume fraction of macromolecule, g:—g, 
an optical parameter of the molecule,” and m, the refrac- 
tive index of the solution at rest. 

The following assumptions are made in this treat- 
ment: 

I. The rotary diffusion constant @ varies inversely 
as the cube of the molecular length. This follows from 
the exact relation for 6 when axial ratio is greater than 
five? : 

























kT 3 a 
-(- 1+2 ind), 
8ana® 2 b 


n is the solvent viscosity, a and 6 are the semi 
major and semi-minor axes of the ellipsoid of revolv- 
tion, and kT has its usual meaning. 

At large axial ratio @ varies rapidly with a and only 
slowly with axial ratio. The conditions under which the 
approximation will break down are discussed below. 

II. The optical factor g:— go is independent of length. 
This means physically that the maximum amount of 
birefringence that could be obtained is dependent 
on the volume fraction of polymer only. That this 
should be so for rigid elongated molecules was pointed 
out by Kuhn’ and observed experimentally in systems 
of rod-like molecules by De Rosset." 

Sadron’s* theoretical treatment of polydispersity 
gives the following relations among the observed x and 
A in a birefringent system and the extinction angles ¢ 
and birefringences 6; of the individual components: 


tan2x= (>_ 4; sin2 ¢,)/(0_ i6; cos2 ¢;) 
i= > i0; sin2 gi)?+ > 10; cos2 gi). 


It may readily be shown that.an optical factor F for 
a polydisperse system obeying the second assumption 
may be so defined that 


F’= (>) 6,’ sin2¢,)?+ (:6,’ cos2 gi)? 


9 See for example E. J. Cohn and J. T. Edsall, Proteins, Amm 
Acids and Peptides (Reinhold Publishing Corporation, New York, 
1943), Chapter 21. 

10 W. Kuhn, Z. Physik Chem. A161, 1 (1932). 

1 A. J. De Rosset, J. Chem. Phys. 9, 766 (1941). 
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FLOW BIREFRINGENCE 


and 
A= (2mc/n.)(gi— g2)F, 


where 6,’ is the product of the optical factor f; of the ith 
component by its weight fraction. Then 


tan2x = $B 6, sin2 ¢:)/ ib; cos2 ¢i) ° 


These sums are to be expressed as integrals over the 
distribution function. To do this the variable « must be 
expressed in terms of a. Remembering that x may be 
looked upon as the ratio of the length of the /-mer /; to 
the undegraded molecule /) and that @ is assumed to 
vary inversely as the cube of the length, we have 


x=1,/lo= (ar/ao)* 
dx= 3(a,/a0)~!d(a,/ ao), 


where the subscript zero denotes the values of / and a 
for the undegraded molecule. 
Hence we have 


Lid sin2 gi= f(ao) sin2 y(ao)e7 


(13) 


1 p* 
- a/ay)~*— ¥? 
+f [(2+7)y(a/ao)-*— 7] 


Xexpl—y(a/ao)*] f(a) sin2e(a)(da/ao) (14a) 
Lids’ cos2 y= f(ao) cos2 p(ao)e~7 


1 p~ 
- a/ao)~*— * 
+; J [(24+-y)y(a/a0)-t— 97] 


Xexpl— y(a/ao)! ] f(a) cos2 (a) (da/as). 


The first term in each expression arises from the 
undegraded molecules, the integral from the degrada- 
tion products. 

The conditions under which assumption I, that 6 
varies inversely as the cube of the length, breaks down 
may now be examined in a semiquantitative fashion. 
It is readily seen from Eq. (11) that the breakdown 
occurs not necessarily when the diffusion constant 6 
of a particular molecule is in error by some specified 
amount, but rather when the contribution to x and A 
made by this molecule is sufficiently in error to affect 
seriously the integrals of Eqs. (14). This contribution 
depends on the value of the optical factor f and on the 
weight fraction of molecules this size. 

Let us consider a system in which the axial ratio of 
the undegraded molecules is 100, at such a gradient 
that the a-value for the undegraded molecules is 200. 
The smaller molecules have a-values varying from 200 
down ; these a-values are in error as a result of assump- 
tion I by amounts that are greater the smaller the 
molecule. The contribution of molecules having, say, 3 
the length of the largest molecule is underestimated as a 
result of assumption I: the value of a ascribed to these 
molecules is 1/125 of 200 or 1.60; the correct value of a 
when the factor (—1+2Ina/b) used is 2.40. The fac- 


(14b) 
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tors f sin2g for the assumed is 0.10, and for the true 
a is 0.14. Since the g’s are near 45 degrees for these 
molecules, f cos2¢ is smaller in proportion to the values 
of these quantities at higher a’s than f sin2¢, and the 
main error in tan2x comes from the integral involving 
fsin2¢. 

The discrepancy in f sin2¢ for molecules } the length 
of the undegraded molecules is less; the ascribed value 
being 0.18 while the true value would be 0.21. 

The a-values ascribed to smaller molecules are, of 
course, more seriously in error than in the two examples 
above, but this tends to be compensated for by the 
rapid decrease in f for these molecules. It is reasonable 
then to regard assumption I, and hence the theory of 
this paper, as no longer valid when molecules having } 
or less the length of the undegraded molecules make a 
significant contribution to the integrals of (14). This 
situation comes about under conditions of large gradient 
and advanced degrees of degradation, as will be seen 
below. 

In addition the theory should not be applied to sys- 
tems in which the axial ratio of the undegraded mole- 
cules is less than 100. 


CALCULATIONS 


Simpson’s rule was used for evaluation of the in- 
tegrals.” Integrals were evaluated for y values of 0.2, 
0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and 3.0, and for ap values of 
1, 2, 4, 8, 16, 40, 80, and 160. Values calculated for 
ao= 80 and 160 are to be considered dubious, because of 
the uncertainty in the calculations of SEG for a 
greater than 60. This is less important at the larger y- 
values, due to the decreasing contribution made by 
molecules having these ap values. The values for ao 
above were chosen to allow as much use as possible of 
the values given in the tables of SEG. It was necessary 
to determine some values of fsin2g and f cos2¢ for 
values of a not given in the tables; for a less than 1.25 
the limiting law tan2x=6/a, and the assumption that f 
is proportional to a were used,’ and for higher a, 
graphical interpolation of the values of SEG was per- 
formed. 

The values of the integrand at 8 equal intervals were 
first computed. For low a» and low y values these in- 
creased monotonically. As either a» or y increased, a 
maximum appeared, and shifted toward lower a;/ao 
values. If the first nonzero ordinate (that for a;,/ao=}) 
was the largest of the 8, the integrand was evaluated 
further by dividing the first quarter of the range of 
integration into either 8 or 10 parts depending on which 
division better served the purpose of using the SEG 
values as much as possible. Integrals for which the first 
value of the integrand was the greatest under this 
further subdivision are ones for which assumption I 
is about to break down; the values of x and F for these 


2H. Margenau and G. M. Murphy, The Mathematics of Physics 
and sae (D. Van Nostrand, Company, Inc., New York, 
1943). 
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Taste I. Birefringence parameters x and F as functions of ap for 
various values of the degradation parameter +. 





Weight 

fraction 
Calcu- of un- 
lated ex- Optical degraded 
tinction Orel =ao/ factor molecules 


angle x @apparent L0g %e} F e777 





40.43 1.02 0.009 0.0582 0.819 
36.27 1.02 0.009 0.1117 
29.72 0.014 0.1959 
22.38 0.026 0.2964 
16.35 0.042 0.3947 
10.90 0.065 0.5148 
7.78 0.068 0.6042 
(4.83) 0.090 (0.6631) 


40.65 0.022 0.0489 
36.67 0.034 0.0940 
30.43 0.046 0.1660 
23.35 0.065 0.2544 
17.45 0.094 0.3450 
12.02 0.156 0.4616 

8.80 0.162 0.5496 
(5.87) 0.188 (0.6147) 


40.82 0.046 0.0423 
36.98 0.054 0.0814 
30.88 0.065 0.1447 
24.13 0.100 0.2245 
18.17 0.134 0.3076 
12.88 0.223 0.4221 
9.63 0.241 0.5090 
(6.68) 0.263 (0.5776) 


40.98 0.062 0.0367 
37.30 0.072 0.0709 
31.48 0.090 0.1263 
24.92 0.130 0.1986 
19.23 0.196 0.2774 
13.73 0.277 0.3865 
10.43 0.323 0.4722 
(7.47) 0.339 (0.5435) 


41.33 0.104 0.0280 
37.87 0.111 0.0541 
32.60 0.140 0.0976 
26.42 0.188 0.1565 
20.93 0.266 0.2249 
15.30 0.382 0.2666 
12.00 0.458 0.4073 
(8.95) 0.478 (0.4819) 


41.63 0.156 0.0215 
38.55 0.156 0.0417 
33.60 0.182 0.0760 
27.85 0.246 0.1244 
22.60 0.337 0.1835 
16.97 0.472 0.2759 
13.47 0.566 0.3532 
(10.33) 0.610 (0.4287) 


41.93 0.188 0.0167 
39.13 0.194 0.0326 
34.63 0.226 0.0599 
29.20 0.298 0.0998 
24.25 0.407 0.1504 
18.47 0.550 0.2349 
(14.87) 0.660 (0.3078) 
(11.60) 0.728 (0.3821) 


42.22 0.236 0.0132 

39.67 0.234 0.0256 

35.53 0.275 0.0474 

30.50 0.339 0.0807 

25.53 0.457 = 0.1253 

19.67 0.612 0.2011 
(16.20) 0.734 (0.2693) 
(12.78) 0.824 ** (0.3415) 


i 
B 


— — — 
aA AQnanac 


POON COONUA WOU AHRATAQAQDAHQ— PUWL OO 


_ 


VIANIANBGR SaAe 


—s 


— 


ao 
41 
2 
4 
8 
16 
40 
80 
60 
1 
2 
4 
8 
16 
40 
80 
60 
1 
2 
4 
8 
16 
40 
80 
60 
1 
2 
4 
8 
16 
40 
80 
160 
1 
2 
4 
8 
16 
40 
80 
60 
1 
2 
4 
8 
16 
40 
80 
60 
1 
2 
4 
8 
16 
40 
80 
60 
1 
2 
4 
8 
16 
40 
80 
60 


QYPE EE TWEE PONE Eee ON NE Eee DN EE peer peepee nee pepe mee 
Om Rininincaun ioe winbh SdOPROMwWNYNY BROUWER CUAWNeEBBe UWPPRHEBHOOSO Nee Ees 
RSSRSZSUIS SYEASRSE & ks 2 Bro BR 8 


a 








are considered to be unreliable, and are placed in 
parentheses in the tables. 

It may be of interest to mention that whenever the 
maximum value of the integrand occurred at a;/q, 
values less than }, the integrals obtained by subdivision 
of the first quarter of the range agreed within a percent 
or less with those obtained using only 8 values of the 
integrand. For the first y-value for a given ap at which 
the integrand at a,/ao>=% was the maximum, the 
f sin2¢ integral evaluated using §-intervals was 2-3 per- 
cent lower than the integral obtained by subdivision. 
This may be a measure of the error in the numerical 
method in those integrals for which the first ordinate is 
maximal even after subdivision; the direction of the 
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Fic. 1. Extinction angle x as a function of a for various values 
of the degradation parameter +. 
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FLOW BIREFRINGENCE 


error is the same as that due to assumption I, also 
causing an underestimation of the contribution of 
smaller molecules. It will be noticed that in the plot of 
the apparent 6 (defined below) against gradient (Fig. 2) 
there is a flattening of the curves at these dubious 
values, which is the effect to be expected from these 
two cooperating sources of error. 


RESULTS 


The results of the calculations are given in Table I. 
A plot of the calculated x against a» for several values 
of y is shown in Figs. 1(a) and 1(b). Since the general 
course of the curve is less significant than its deviation 
from the monodisperse curve, other methods of plotting 
are more useful, both to demonstrate the extent of the 
effect of polydispersity and to aid in determining 4 and 
y-values from experimental data. 

In polydisperse systems of this and similar types, the 
apparent value of the diffusion constant 6, as determined 
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Fic. 2. Ore, the ratio of the apparent rotary diffusion constant 6 
to the rotary diffusion constant 6) of the undegraded molecule, 
plotted as a function of the extinction angle x at which the 
measurement was made, for various values of the degradation 
parameter ‘y. 


from the tables of SEG, is a function of the gradient at 
which the measurement is made; @ rises with the in- 
crease in gradient, as the smaller molecules begin to 
make their contribution to the birefringence. For a given 
calculated value of x in Table I, the ratio 6,1 of the 
apparent @ (determined from SEG) to the 4 of the un- 
degraded molecule may be readily determined (it is 
equal to the ratio of ap to the apparent a) ; this ratio is 
plotted against the x-value at which it was determined 
in Fig. 2. 

It may be seen from Figs. 1 and 2 that below y=0.5 
the differences between the curves for the undegraded 
and degraded systems are small, being of the order of 
what is presently the experimental precision of flow 
birefringence measurements. At advanced degrees of 
degradation the differences become quite readily ob- 
servable, 0/09 for y=3 changing by a factor of 4 as we 
go from x’s near 45° to lower values. 
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Fic."3. The logarithm of 6,¢1 plotted as a function 
of x for various values of y. 


An interesting conclusion is that the @’s do not extra- 
polate to the diffusion constant of the longest molecules 
at zero gradient, even for relatively low values of 7, 
when the weight fraction of undegraded molecules 
(Column 7 of Table I) is appreciable. This probably has 
its origin in the fact that there is always a finite con- 
centration of molecules having lengths close to that of 
the undegraded molecule; these somewhat shorter 
molecules are still large enough to make a contribution 
comparable to that of the undegraded molecules. 

In Fig. 3 the logarithm of @/ is plotted against x. 
If a plot of the logarithm of the apparent 6 against x 
from experimental data is made to the same scale on 
transparent paper and placed over the log@/@ plot, the 
y-value best fitting the experimental data may readily 
be ascertained by vertically shifting the plots relative 
to each other to give the best coincidence of the curve. 
The log of the ratio 6/0) for any x-value may be sub- 
tracted from the log of the experimental apparent @ to 
give the logarithm of 4. 

It should be mentioned that other types of molecular 
weight distributions will give curves showing the same 
general features as those given here. Fitting a y-value to 
experimental data using the theory of this paper re- 
quires an observation of what is essentially the mag- 
nitude of the deviation of the shape of the experimental 
curve from the theoretical curve of SEG. To choose 
between different distribution functions would require 
an observation of the shape of the shape deviation—the 
relation is similar to that between first and second 
derivatives. It is doubtful whether the present state of 
the theory of flow birefringence on the one hand, and the 
experimental accuracy on the other, will permit this 
to be done except in a gross way. As an example of 
what can be done in this direction, it may be recalled 
that the calculated curves for a polydisperse system 
having a rectangular distribution did not deviate suffi- 
ciently from the monodisperse curve to account for 
experimental results on some nucleic acid preparations ;° 
in addition, for as polydisperse a system as is possible for 
a rectangular distribution (equal numbers of molecules 
of all lengths up to a maximum length), the maximum 
variation in 6/69 over the whole range of x for which the 
calculations were performed was 1.7 as compared with 
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4 for y=3 in the Montroll-Simha distribution. A Gaus- 
sian distribution however would probably give curves 
similar to those of the Montroll-Simha distribution at 
appreciable values of , when the concentration of 
undegraded molecules is small. 
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Spin-Orbit Interaction in Aromatic Molecules* 
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The matrix elements of spin-orbit interaction are obtained for polyatomic molecules using M.O. wave 
functions, taking account of configurational interaction. These results are then applied to the calculation 
of singlet-triplet transition probabilities in aromatic compounds. It is shown without evaluation of in- 
tegrals that intercombination transitions in these compounds should be much weaker than in most other 
classes of organic compounds. This is in agreement with experimental results on the phosphorescence life- 


times of these compounds. 


I, INTRODUCTION 


NTERCOMBINATION transition probabilities in 
most molecules can be estimated-as to order of mag- 
nitude by taking the intercombination probability for 
the heaviest atom of the molecule. This is true because 
the spin-orbit interaction which brings about such 
transitions is chiefly determined by the heaviest atom. 
Such estimates have been made and compared with 
experiment, and apparently there is agreement in all 
cases except where an aromatic ring system is involved.! 
The metastable triplet state lifetimes of polynuclear 
aromatic hydrocarbons and of many of their substitu- 
tion products and heterocyclic analogs appeared from 
these estimates to be from 10 to 1000 times too great. 
More recent experimental work has only served to 
increase the discrepancy. When the measured lifetimes 
are corrected for simultaneous radiationless processes, 
the lifetimes are increased many fold.? For example, 
the measured triplet state lifetime for benzene is 7 
sec while the corrected value is 30 sec. For triphenylene 
we have 15.9 sec measured and 30 sec corrected, and for 
naphthalene 2.6 sec measured and 22 sec corrected. 
Electronic transitions as weak as this are unusual, even 
when they are intercombinations. 

A possible explanation is that there is accidental 
cancellation among the terms of the dipole matrix ele- 
ment of the transition. This seems to explain some weak, 
but formally allowed transitions among the singlet 


* Note added in proof:—In work to be published, M. Mizushima 
and S. Koide (private communication) have demonstrated which 
of the possible mechanisms of singlet-triplet mixing is of most 
importance in benzene. The same mechanism can safely be 
assumed to be the most important one in other aromatic hydro- 
carbons. 

1D. S. McClure, J. Chem. Phys. 17, 905 (1949). 

2 Gilmore, Gibson, and McClure (to be published). 


states of aromatic hydrocarbons. The discrepancies 
seemed far too common, however, since practically no 
exceptions were found, and this prompted the present 
theoretical study. We will be able to show that the ex- 
perimental results are explained by a more unusual 
effect, namely, the nearly complete cancellation of the 
spin-orbit interaction among z-electron states. Some of 
the consequences of this result, for example its effect 
on the assignment of the metastable triplet state sym- 
metry of benzene, will be discussed in another paper. 


II. THE SPIN-ORBIT INTERACTION OPERATOR 


In order to calculate singlet-triplet transition proba- 
bilities, we must first calculate the mixing of singlet 
with triplet and of triplet with singlet. The most im- 
portant effect causing singlet-triplet mixing is, ordi- 
narily, the electron spin-orbit interaction in the electric 
field of the nuclei. 

The part of the Hamiltonian which represents the 
spin-orbit interaction for a system of m electrons and 
m nuclei is* 


Zi (Vix X Pi) * $i 





(1) 


Vik 


where Z, is the atomic number of nucleus &, r,, is the 
vector distance of electron i from nucleus &, 7, is the 
magnitude of the latter, p; is the linear momentum of 
electron i and s; is its spin angular momentum. The 
expression 7;,X p; is the orbital angular momentum, li: 
of electron i with respect to nucleus k. Now lj, and 8; 
are vector operators, so that (1) can be written for each 


*H. A. Kramers, Die Grundlagen der Quantentheorie (Aka- 
demische Verlagsgesellschaft MBH., 1938), p. 239. 
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k 7,3 
since 8; is independent of space coordinates. The sub- 
script i has been omitted from (2) for clarity. For the 
problems to be dealt with here, this component form 
of the operator will prove very useful. The problem of 
computing spin-orbit interaction in a molecule therefore 
involves finding the components of the orbital angular 
momentum of each electron with respect to each nu- 
cleus of the molecule. 

The value of Z;, to use in (2) should depend upon 
where the electron is in the molecule, as the shielding 
by the other electrons depends upon the distance from 
a given nucleus. This effect may be taken into account 
crudely in a manner analogous to that used in calculat- 
ing atomic multiplet separations, where an “inner” 
and “outer” Z value are used. In a more elegant treat- 
ment, (2) would be modified by adding the terms of 
opposite sign corresponding to the interaction of the 
spin of one electron with the relative orbital motions 
of the others. By adding this so-called /;-s2 interaction, 
we lose a desirable property of (2), namely its one elec- 
tron character, and introduce terms depending directly 
on the correlations between the electrons. Instead of 
adding these complications we will use a single average 
Z value for each nucleus. Fortunately, the arguments 
that will be used in this paper do not depend on the 
exact values of the integrals and will be practically 
independent of any errors introduced by this procedure. 

Selection rules for determining which of the elements 
of (1) are different from zero have been published.*® 
The presentation of the author is more convenient for 
application to the component form of the operator (2), 
although Weissman’s is certainly the more elegant. We 
will limit ourselves to the case of small spin-orbit cou- 
pling, so the molecular analog of Russell-Saunders 
coupling prevails. The wave functions of the zeroth- 
order set will then be eigenfunctions of the energy and 
of S? and S,. The axis of spin quantization will be chosen 
to suit the problem and will be called the z axis. 


Ill, APPLICATION OF MOLECULAR ORBITALS 


We will assume at first that configurational inter- 
action may be neglected and set up the proper linear 
*S. I. Weissman, J. Chem. Phys. 18, 232 (1950). 


*D. S. McClure, J. Chem. Phys. 17, 665 (1949). There is a 
typographical error in the formula for A; which should read: 


Aga 1/riz- OV (rik) /Orik, 











and in the 9th line from the bottom, one should read Byy—Beu. 
The form of the operator H’ used in this note is not the same as 
is used here and is not strictly correct even though the resulting 
selection rules are correct. 
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combinations of d determinantal eigenfunctions for the 
states of interest 


1 4 1 


yj;=— x AisD;; D;=—| dya1dBeb3agb484° iti I, (3) 
d} i nit 


where the a, etc., represent the orthogonal normalized 
molecular orbitals and a; and 6; are spin wave functions 
corresponding to s,=1 and —1, respectively. We will 
not consider the case of degenerate configurations for 
two reasons. Very few molecules have them, and since 
vibrational perturbations are greater than spin-orbit 
perturbations, the degeneracies will be removed by the 
former, even if for some state they are not already re- 
moved by the electronic interaction. For a nonde- 
generate configuration with only one electron excited, 
the y; for singlet states can be represented by four D,, 
two of the triplets by two D; and the other triplet by 
four D;. They are represented in short form by writing 
down only the diagonals of the D; and only the orbitals 
corresponding to half-filled shells (for configuration 
++ wly!) : 


3(n!)—*(filled orbitals) 
X (wivet+w21) (a182— 28) singlet 
3(n!)—4(filled orbitals) 
X (wiv2— W201) (182+ a26;) triplet (4) 
2-4(n!)—*(filled orbitals) 
xX (wyv2— Wo) (aa2) triplet 


' 2-4(n!)—*(filled orbitals) X (w2—we201)(8162) triplet. 


Since we are interested only in the total transition 
probability from. the three triplet levels of (4) to a 
singlet state, any linear combination of the triplet 
functions in (4) will suit our purposes just as well. This 
is the justification for choosing the axis of quantization 
in the direction most convenient for calculation. 

The interaction operator (1) is of the form }>-F, 
with F; depending only on the coordinates of the ith 
electron. The matrix elements of (1) between singlet 
and triplet states are therefore limited to those involving 
states which differ at most in the orbital assignment of 
one electron.* This makes it unnecessary to use the 
entire determinant in the wave function as no new 
terms arise aside from the ones given by using the 
diagonal. The normalizing factors of mn! are canceled 
out in the usual way when the determinants are multi- 
plied together and the terms collected. This part of the 
calculation is the same as the evaluation of electric 
dipole matrix elements, except that one of the wave 
functions and the effective part of the spin-orbit opera- 
tor are antisymmetric under electron interchange.‘ 
Since the spin operators are independent of the space 
coordinates, the integration over the spins can be per- 
formed immediately. As a result of the foregoing, a 
matrix element of (1) between a singlet and a triplet 
state can be reduced to one of the following integrals, 


6 E. U. Condon and G. H. Shortley, The Theory of Atomic 
Spectra (Cambridge University Press, London, 1935), p. 169. 
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depending on which triplet component (in the form (4)) 
is being used, and on which component of the spin- 
orbit operator (in the form (2)) is being used: 


BiB2 0182+ a8 

X 2-*(vH.u) 2-4(vH .u) 0 (5) 
Y 2-4(vH,u) 2-4i(vH ju) 0 
Z 0 0 (oH .u) 


Here, v and u are the excited orbitals. That is, the con- 
figurations belonging to the singlet and triplet states 
are ---w'y! and ---w'w!. The configurations may differ 
only insofar as “, v, and w are different orbitals. H,, etc., 
represents one of the components of (2) without the 
spin operator and multiplied by 4/2. That is, 


eh m Zulez 


4m’? & or ,3 


Q1Q2 





H,> 


The integration is over the coordinates of only one 
electron, so the corresponding subscript is omitted. 

As Craig’ has shown, configuration interaction among 
ASMO states leads to large changes in the final energies. 
If a complete set of configurational wave functions of a 
given symmetry type is used, the wave function for a 
final electronic state will be the best that is consistent 
with the initial use of 2p, atomic functions. Such a 
wave function can be written 


Ve= LiaiVi’, (6) 


where a,° is the coefficient of the m-electron deter- 


minantal eigenfunction y,° of (orbital) symmetry 
species c, for configuration 7. y,° is analogous to the 
wave function (3). The coefficients a;° are determined 
by the variation method with (6) as a linear variation 
function, and using the Hamiltonian without spin. The 
spin-orbit interaction can be calculated as a perturba- 
tion between the final states so obtained. This calcula- 
tion will be more complicated than when using (3) as 
a wave function because of the larger number of terms, 
and because the triplet states with several electrons 
excited which contribute to the wave function (6) can- 
not be represented as simply as (4). There are some 
simplifying factors, however. A term in the complete 
matrix element can only appear when it comes from 
two configurations differing in only one orbital. Further, 
the main contribution to the complete wave functions 
may arise from only a few configurations. Finally, there 
will be no new types of integrals. All will be of the type 
found in (5). We can therefore represent the z-com- 
ponent, for example, of the matrix element between 
two complete states by 


Seer = > 1d 504° 5° (05H u5)5;, #1 (7) 


where ¢ and ¢c’ refer to the symmetry species of the two 
wave functions, and 4;,;-1 indicates that the occupa- 
tion numbers corresponding to configuration 7 must 


7D. Craig, Proc. Roy. Soc. (London) A200, 474 (1950). 
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differ from those of i by only one; 6 is one when this 
is so, otherwise zero. In many important cases, S,, 
should not differ greatly from S,.=(vH.) in (5). All 
of the qualitative results of this paper hold equally 
well with either one, so that S,, will be used in the 
remainder. 


IV. TRIPLET-SINGLET TRANSITION PROBABILITY 


After obtaining the matrix elements of the spin- 
orbit interaction between a triplet state of interest 
and the important perturbing singlet states, the per- 
turbed eigenfunction of the triplet state can be set up 
and used to calculate the transition amplitudes to singlet 
states. The wave function for one component of the 
perturbed triplet state is 


Sry 
vr =pr°+ DS ——Vrn", (8) 


N+T Ey—En 


with yr° the unperturbed triplet eigenfunction, Wy" an 
unperturbed singlet eigenfunction, Er and Ey the 
triplet and singlet state energies, respectively (we will 
use experimental values of these energies), and Spy 
some matrix element of (5). The transition amplitude 
to the ground state will be of interest and is 


MwneSrn 
f va*Myr'dr= ) ——_, (9) 


N+T Er—En 


where M is the electric moment operator and M yg are 
some of its matrix elements. The transition probability 
for emission from the three triplet components to the 
ground state is 


1 64r'v7re | 
T 3he T=! 


MycSrnf 
|. (10) 
N Er—En 


where rr is the lifetime of the triplet state. 


V. SPIN-ORBIT INTERACTION IN THE AROMATIC 
HYDROCARBONS 


The matrix elements of the spin-orbit interaction ~ 
an aromatic hydrocarbon can be calculated using the 
general results of Sec. III. If we consider at first only 
m-electron states, the molecular orbitals which enter 
into the integrals of (5) can be represented by their 
normalized, orthogonal LCAO forms 


v= C7bj; = U=L ci", (11) 
7 i 


where ¢; represents a 2p, atomic orbitalt on carbon 
atom j and the z axis is taken perpendicular to the plane 
of the carbon atoms. By choosing the z axis this way, 

t The final result will be qualitatively the same if we use 4 
more general atomic function. We could, for example use an ex- 


pansion involving some 3d, function, or in fact any atomic func- 
tion having m;=0. 
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only one of the triplet components, viz., o82+a261, 
contributes to the transition probability. The molecular 
orbitals are assumed to belong to the irreducible repre- 
sentations of the symmetry group of the molecule and 
to be the right ones to mix under the influence of the 
operator H,. They all have one symmetry property in 
common, regardless of the symmetry group of the 
molecule, namely, all are antisymmetric toward re- 
flection in the plane of the carbon atoms. This has the 
important consequence that the only component of H, 
which can cause singlet-triplet perturbations among 
relectron states of aromatic compounds is the z- 
component, since only this one is symmetric toward 
reflection. The only nonzero element in (5) is therefore 
Swu= (0H ). 

In order to yield physically significant results, the 
matrix of the spin-orbit operator must be Hermitean. 
The operator (1) is not Hermitean for an arbitrary 



















of (1) with its Hermitean conjugate. The nondiagonal 
matrix elements which we must consider will therefore 
be of the form 


See = 3L(vH .u) ie (uH 0) }, 









(12) 


since v and w# are real and H, is pure imaginary. Sub- 
stituting the expressions for v and u into (12) gives 


Sou= aes (ccj;"—c;"c;")_(¢:H 4;)—(¢;H4:) J, (13) 









where the terms with i=7 have canceled out. Thus 
there are no contributions to spin-orbit interaction 
when the electron is localized on a single atom. 

Further simplification results when we examine the 
effect of the individual terms of H, on ¢; and ¢;. The 
latter will be assumed to be Slater type 2/, functions. 
The operator H, is understood to be written in terms 
of a coordinate system appropriate for the molecule. 
Individual terms, as expressed in this coordinate sys- 
tem will be of the form 











ieh? Z [ 0 0 . fe) 
LS hE Ye) bb 
4m??? 73 oy Ox 











where x,° and ,° are the coordinates of nucleus & in 
the molecular coordinate system. It is readily seen that 
ifk=j in the first integral of (13) or if k= in the second 
integral, the result of carrying out the operation with 
the kth term of H, will be zero. This is because ¢; and 
¢; belong to the eigenvalue zero of /,; and /,;, respec- 
tively. The two remaining terms corresponding to 
k=i and k=]j of the operator can be combined and 
written in terms of a coordinate system with x axis on 
the line joining the atoms i and j. The result, apart 


from a constant multiplier is 
““y(=-5)e (14) 
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where /;; is the distance between atoms i and j. The 
integrand changes sign when y changes sign as the y 
coordinates of r; and 7; are the same in the coordinate 
system chosen. Therefore the integral is zero, and no 
terms of (13) having k=i or k=j contribute to Sy.. 
Thus all two-center integrals vanish and the only 
integrals left to consider are three-center types for 
which i+ 7¥k. If any of these exist, they will certainly 
be small. At this point, therefore, one sees that S,, 
will be small and as a result, singlet-triplet mixing 
among 7z-electron states should be much less than 
normal. 

The largest of the three-center integrals are of the 
types (6;H,, j+16442) and (;H,, 3426441). The first of 
these is probably of greater importance than the second 
because the overlap falls off less rapidly with distance 
than does the function r~*. If we consider only integrals 
of the first type and transform each integrand to a co- 
ordinate system of the type shown in Fig. 1 (for ease 
of integration), we can write 


iRv3t s 
Sou= ms Ths 2 (6;"Cj42"—cj*ci42"), 
7 


(15) 





where R=Z*e’h?/2m’ca,? and Z is a value of the 
effective nuclear charge whose determination we will 
not have to consider in detail here; a is the Bohr 
radius; ¢ is the bond length; J123 is an integral involving 
a triple of atoms arranged as in the figure. Its value is 
independent of where the atoms are in the molecule if 
we assume, as has been done, that all bond lengths and 
angles are equal. This is practically true for all aromatic 
hydrocarbons made up of hexagonal ring networks. 


The exact form of J12; is 
i fA 0-4) SCC) 
eee oe yaz. 
- re 2 YT, 13 v3 71 73 
In order to be properly appreciated, (15) should be 
compared with the theoretical and experimental re- 
sults on intercombination probabilities in atomic spec- 
tra. In the quantum-mechanical treatment, both the 
diagonal and off-diagonal elements of the spin-orbit 
interaction matrix are of the same order of magnitude 
and are proportional to a parameter ¢. This parameter 
can be determined experimentally from the easily 
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measured multiplet splittings, and with it and the 
matrix, the more difficultly measured intercombina- 
tion probabilities can be calculated. Actually, some ex- 
perimental data on atomic triplet state lifetimes are 
available. The lifetimes calculated as above were com- 
pared with the experimental ones by King and Van 
Vleck® who found fair agreement. An additional pa- 
rameter which took into account the difference between 
the radial eigenfunctions in singlet and triplet states 
was added and found to produce excellent agreement. 

We will therefore compare S,, with the ¢ value for 
the lowest-lying configuration of the carbon atom, 29”. 
Theoretically, {2,=R/24.6 Experimentally, it is about 
28 cm= (although configuration interaction makes this 
somewhat uncertain; see reference 1, p. 908). The 
ratio of the absolute value of S,, to £2» is 


3v3t n 
=—T hos 20 (6;°Ci42"—6;"Cj42"). 
Sop 324 7 


| Sou 


(16) 


Since the sum over the molecular orbital coefficients 
cannot be greater than two and é-¥8 and Ji; must 
have a very small value, |S,.|<28 cm~. Of course, 
the value used for Z (or R) for the atom will differ 
somewhat from that used in the molecule, but this does 
not alter the qualitative result. 

Let us assume that |S,,|-¢1 cm~! and make a rough 
estimate of the strength of the singlet-triplet transition 
in benzene. Assuming that there is only one important 
perturbing singlet state, and applying the well-known 
relation between /, the oscillator strength, u the electric 
moment operator and Aj. the Einstein spontaneous 
transition probability, Eq. (10) can be expressed as 


Sew \? 
frao= f5.0(—~) : 


Let us take the singlet state near 50,000 cm™ as the 
perturbing state. The oscillator strength of the band 
corresponding to the transition from the ground state 
to this excited state is fs.g=0.10.9 The triplet is at 
30,000 cm so AEgr=20,000 cm. Therefore fr¢ 


8 G. W. King and J. H. Van Vleck, Phys. Rev. 56, 464 (1937). 
* Platt and Klevens, Chem. Revs. 41, 301 (1947). 
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=0.25X10-*. This is about equal to the uncorrected 
experimental value! of 0.24 10-*, to which more than 
one state must contribute. Therefore, 1 cm is probably 
an upper limit to the value of S,,. We wish only to 
indicate the order of magnitude of S,, by this calcula. 
tion. It will vary from one aromatic compound to 
another, but will be small in all of them because only 
three-center integrals can contribute to its value. 

We can be much more certain of this result than, for 
example, of a molecular orbital calculation of energy 
levels. We have already noted that configuration inter. 
action does not introduce any profound changes in the 
matrix elements (5). Its only effect on our final result 
will be to alter slightly the value of the summation 
over molecular orbital coefficients in (15). We would 
therefore have obtained the same qualitative result 
using a complete set of configurations, i.e., using the 
best possible wave functions consistent with the initial 
use of atomic 2, functions or other atomic functions 
having m,=0 (with respect to the direction perpendicu- 
lar to the ring plane). This means that our qualitative 
result will hold with a very general wave function and 
would undoubtedly hold true with the correct wave 
functions. . 

Since S,, is small it follows that all singlet-triplet 
perturbations among z-electron states will be small, 
and since the non-z-electron states should have a rela- 
tively small effect because of their high energy, the 
low-lying triplet states of aromatic hydrocarbons 
should have little singlet character. This completes the 
qualitative explanation of the unusually long triplet 
state lifetimes of the polynuclear aromatic hydrocarbons. 

As a consequence of the abnormally small z-electron 
spin-orbit interaction, perturbations which one ordi- 
narily neglects in comparison with (1), are now rela- 
tively important causes of singlet-triplet mixing, and 
may well be responsible for the intercombination transi- 
tions that are actually observed. Some of these are: 
(1) spin-spin interaction; (2) spin-orbit interaction 
involving non-z-electron states of the molecule; (3) 
vibrational perturbations which destroy the symmetry 
plane of the molecule; (4) heavy atom substituents. 
In a paper to follow, these questions will be dealt with 
in more detail. 
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The Microwave Spectrum of Ketene* 


H. R. JOHNSON AND M. W. P. STRANDBERG F 
Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received November 29, 1951) 


The microwave absorption spectra of the ketene molecules H,'C,"0", H'D?C;"0", and D,?C;"O" have 
been investigated. Reciprocal moments of inertia have been determined for each from the measurements. 
The centrifugal distortion theory of Hillger and Strandberg has been found valid for both Q and R branches. 
The structure has been calculated and dipole moment measured; results check and extend the accuracy of 
values previously determined by other methods. Intensities of satellites of the lightest molecule corresponding 
to the lowest three vibrational fundamentals have also been measured and changes in the average reciprocal 
moments determined. The vibrational frequencies have been calculated and found different from values 
reported in the literature by infrared workers. References and suggestions for further work are given. 
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INTRODUCTION 
A. General Properties 


ETENE is an organic compound, CH,C=0, which 

at room temperature is a colorless, heavy, ex- 
tremely poisonous! gas. It melts at —151°C and boils 
at approximately — 50°C. Ketene is chemically reactive 
and a dimer exists at room temperature. There is a 
large body of literature on the molecule, bearing mainly 
on its chemical properties. Because its spectrum is 
difficult enough to be interesting but perhaps simple 
enough to be precisely analyzed, considerable spectro- 
scopic work has been published. Ketene has C2, sym- 
metry and an electric dipole moment and is nearly a 
prolate symmetric rotor. 

















B. Early Microwave History 


Early in 1948, J. Goldstein of Harvard located four 
microwave rotational absorption lines of ketene in the 
20,000-Mc/sec region, where the J =0—J = 1 transition 
would be expected on the basis of the known structure. 
At his request, the precise frequencies of those lines 
were measured in this laboratory, and the Stark co- 
eficients were determined. The higher frequency transi- 
tions J=1—+2 and J=2—3 were also measured since 
our laboratory was equipped to work in those regions 
(40,000 and 60,000 Mc/sec, respectively). 

Early in 1950, Bak and co-workers at Copenhagen 
measured the J=0— 1 of H.'C."0'*, D?H'C,"0'*, and 
D?C,"0'8 (hereafter, briefly referred to as H:C,0, 
DHC,O, and D.C,0, respectively) as well as some vibra- 
tional satellites.2 The reported absorption frequencies 
(wavemeter accuracy) check fairly well with our meas- 
urements, although some discrepancies amount to 20 
Mc/sec. A preliminary report of our work herein de- 
scribed has been given.’ 




























*This work has been supported in part by the Signal Corps, 
the Air Materiel Command, and ONR. 

‘Wooster, Lushbaugh, and Redeman, J. Am. Chem. Soc. 68, 
2743 (1946). 

* Bak, Knudsen, Madsen, and Rastrup-Anderson, Phys. Rev. 
79, 190L (1950). 
nn Ingersoll, and Strandberg, Phys. Rev. 82, 327(A) 
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C. Reason for Interest 


The values of the three moments of inertia of H»C,O 
would enable calculation of thermodynamic gas func- 
tions of possible engineering interest; also using those 
of D.C.O the structure of ketene could be calculated; 
the combination of Q and R branch transitions that 
occur would give an interesting check on the theory of 
centrifugal distortion in asymmetric tops developed in 
this laboratory**; the relative intensities of the vibra- 
tional satellites which occur would help in the correct 
assignment of the fundamental vibrational frequencies ; 
and the measurement-of the Stark effect would enable 
accurate evaluation of the dipole moment independent 
of impurities. Consequently, intensive work has recently 
been begun in this laboratory. 


I, EXPERIMENTAL WORK 
A. Preparation of Ketene and Heavy Ketene 


Ketene was made by pyrolysis of acetone using a 
lamp described by Williams and Hurd.® Their method 








Fic. 1. System for ketene synthesis. 


4R. B. Lawrance and M. W. P. Strandberg, Phys. Rev. 83, 363 
(1951). 

5 R. E. Hillger and M. W. P. Strandberg, Phys. Rev. 83, 575 (1951). 

6 J. W. Williams, and C. D. Hurd, J. Org. Chem. 5, 122 (1940). 
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C. Observed Spectrum 


Table I shows the observed frequencies of the three 
molecules studied, namely H2C,0, DHC,O, and D;C;0. 
Lines were identified by Stark effect, intensity, and 
frequency. The identification given is thought to be 
the only one possible. Figure 2 shows log intensity 
plotted against log frequency for the lines of DzC;0. 
Neither instability nor dimerization of the sample was 
serious enough to render the microwave measurements 
dificult; nevertheless, effects which could be assigned 
to these actions were observed. In a brass wave guide 
at room temperature, after ten microns of ketene pres- 
sure had been maintained for some time, there was a 
decrease in peak line intensity of a factor of two in a 
few hours with an associated drop in Pirani gauge 
reading. When the wave guide was surrounded by dry 
ice, the intensity and pressure seemed even more stable. 
Furthermore, and fortunately for intensity measure- 
ment, if at room temperature the pressure were ini- 
tially high enough (> 100 microns) to broaden the line 
considerably, the peak intensity would not change as 
the pressure dropped. This indicates that the remaining 
gas was at least 80 percent pure after an hour. These 
observations, however, are essentially only approximate. 

































D. Relative Intensity Measurement 






To obtain the vibration frequencies, we measured 
relative intensities of the J) =0—1 transitions in ground 
and excited vibrational states. With reference to Figs. 
3and 4, the method used was to inject into the 6-kc/sec 
amplifier of the Stark spectrograph a signal 180° out 
of phase with the 6-kc/sec signal from the detector 
crystal, and adjust the amplitude of this added voltage 
to exactly balance out the peak gas absorption signal. 
The only factor limiting the precision of this procedure 
appears to be the presence of noise. The amplitude 
uncertainty is roughly equal to the noise voltage pres- 
ent, so the percentage error in the ratio of ground-state 
to satellite line is smaller, the greater the signal-to-noise 
ratio of the line. 

The results of about ten independent determinations 
of the intensity ratio at 27°C yield the result that the 
intensities of the four lines in the J=0—1 region of 
H,C.O are in the ratio 1: (0.2957 percent) : (0.20510 
percent): (0.12115 percent). These errors are limits 
within which the true intensity ratio is expected to fall. 























Il. INTERPRETATION OF ABSORPTION 
FREQUENCIES 


A. General 


The rotational spectrum of a molecule is, to a good 
first approximation, that of a rigid rotor. Because of 
the high resolution of microwave techniques, relatively 
small perturbing effects of rotation-vibration interaction 
must also be considered.* The terms “zero-point vibra- 













‘H. H. Nielsen, Phys. Rev. 60, 794 (1941); 61, 540 (1942). 
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Fic. 2. Spectrum of D?C,"0'*. 
























































tion correction” and “centrifugal distortion correction” 
are given to those parts of the effect of vibration on 
rotation which depend on vibrational and rotational 
quantum numbers, respectively (there is also a small 
constant vibration-rotation interaction term). In addi- 
tion, rotation-electronic interaction occurs. These terms 
are generally very small because of the large mass ratio 
between electrons and nuclei. . 


B. Rigid Rotor 


The rigid rotor frequencies were calculated by the 
methods of King, Hainer, and Cross.* Their power series 
in 6 was used for the R branch, and for Q branch lines 
with K_,=1; their continued fraction expansion was 
used for Q branch lines with K_,=2. 


C. Centrifugal Distortion 


The centrifugal distortion correction to the rigid 
rotor is the only one necessary for reasonable prediction 
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Fic. 3. Block diagram of connection of intensity measuring 
equipment to Stark system. 
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Fic. 4. Detailed diagram of intensity measuring equipment. 


® King, Hainer, and Cross, J. Chem. Phys. 11, 27 (1943). 
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of the whole microwave spectrum in terms of a selected 
set of lines, since the other corrections are independent 
of rotational quantum numbers. The problem of making 
this correction for asymmetric rotors has been treated 
by Lawrance and Strandberg,‘ and by Hillger and 
Strandberg.® There are six “centrifugal distortion con- 
stants” related to the structure of the molecule and the 
vibrational fundamentals. For molecules with 6<1, 
there are general formulas for Q(AK_1=0, AJ=0) and 
R(AK_,;=0, AJ =+1) branches, 








Vadis 

Q branch: ——=J(J+1)fs(K-1)+falK-a); (1) 
Vrigid 
Vaist 4D; Dyx 

R branch: = (J+1)?——+ K_?—. (2) 
Vrigid b+c b+c 


Here, vrigia is the absorption frequency of the rigid 
rotor; vaist is the frequency correction to be added to 
Vrigid tO get Vmeas } Vmeas iS the actual measured absorption 
frequency; D; and Dyx are two centrifugal distortion 
constants. fi(K_1) and f2(K_1), used here temporarily 
for purposes of discussion, contain the other four cen- 
trifugal distortion constants. 

A considerable amount of numerical calculation is 
involved in determining the six centrifugal distortion 
constants from the vibrational fundamentals. In view 
of some uncertainty in the assignment of these funda- 
mentals for ketene, we will instead fit the microwave 
data to Eqs. (1) and (2). 

The fit was attempted in the following way for Q 


- branch lines with K_,;=1: for 61 


Vrigid= k(b—c), (3) 


where & is a constant involving 6 only in second and 
higher powers, and 6b and c are the usual reciprocal 
moments of inertia. Suppose that an approximate 
value of (6—c) is used to calculate v;igia; we will desig- 
nate approximate quantities with primes. Then let 


(b—c)=(b—c)'(1+a), (4) 
whence, 
Vrigid = V' rigia(1 +a), (5) 
where a@ is the fractional correction by which (6—c)’ 
is in error. Then, 


Vrigid = k(b—c)'(1+a), (6) 
whence, 
Vneas— ¥' rigid 
RIED Alt fella. (7) 
V rigid 


From Eqs. (1) and (3), this means that when a value 
(b—c)’ is assumed and the left-hand side of Eq. (7) is 
plotted against J(J+1), a straight line should result. 
This is experimentally found true. The slope of the 
line is f:(1) and the intercept is [f2(1)+a], or a com- 
bination of J-independent centrifugal distortion and the 
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necessary fractional correction to the assumed (b—¢)’, 
Similarly treating the K_;22 lines of the Q branch, we 
may assume a value 6’ as a first approximation to the 
true value 6 of the asymmetry, 


Vrigia= J (K-1) bx", (8) 









where j(K_1;) is a constant involving J and (6—c) but 
involving 6 only as a first-order correction. Writing 


5=6'(1+8), (9) 


where @ is the necessary fractional correction to the 
estimated value 6’, we get 
















’ 
Yineas— V rigid 


=J(J+1)fi(K-1) 
+ fe(K-1)+(K1—1)8. (10) 


V rigid 








Again, this means that when a value of 6 is assumed 
and the left-hand side of Eq. (10) plotted against 
J(J+1), a straight line should result. This is experi- 
mentally verified for K.1=2 with D:C,0 and HDC,0. 
The intercept of the K_,=3 line as well as the K_,=2 
and K_1=1 plots would be required, however, to 
obtain f2 and 8. Unfortunately, only for D2C.O would 
such lines be strong enough to be detected, and none 
of the latter were searched for. 

The effect of this situation is to introduce uncer- 
tainty into the values of (6—c)- and 6 extrapolated to 
zero centrifugal distortion of about 1:5000 and 1: 1000, 
respectively; fortunately, the amount of this uncer- 
tainty is smaller than the uncertainty in the equi- 
librium moments of inertia caused by zero-point vibra- 
tion, and hence has no effect on the accuracy of the 
structure determination. The limits of error given above 
are suggested by a definite deviation from linearity in 
the case of D2C,0 of the plot of Eq. (10) for K:.=2 
when a change of 1:1000 in 6 is made; f2(2) was esti- 
mated in this way. The fitting process described was 
carried out by least squares. 

Values of effective (6—c) and 6 in the ground vibra- 
tional state as well as measured centrifugal distortion 
constants are given in Table II. The number of sig- 
nificant figures given is much greater than the quoted 
error because of their empirical value for prediction of 
lines with K_; <2. 

R branch lines pose less of a problem. First we con- 
sider lines in the ground vibrational state. For H2C:0, 
values of (b—c) and 6 found from the Q branch lines 
were assumed correct, and Dy, Dyx and (b+c) solved 
for from the many observed R branch lines by the 
method of least squares. For D.C.O, no lines of the 
group J= 2-3 were searched for. D;=0 was assumed 
since otherwise it calculated to be a small negative 
value with an uncertainty greater than its absolute 
value. For DHC,O, only the J=0-—1 transition was 
measured, so calculation of Dy and Dx is impossible. 
This frequency is listed as (6+c). 
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TABLE II. Constants of isotopes of ketene. 











Quantity 





H:C:0 















b+c, Mc/sec 20,209.16+-0.05 
b—c, Mc/sec 377.414+0.080 
) 0.0013776+-0.0000020 
u, 4=0, debye 1.414+0.010 
Ds, Mc/sec 0.0025+0.0020 
D sx, Mc/sec 0.4766+0.0060 
fi (1) (1.534-0.10) x 10-* 
fi (2) (1.5340.17) KX 10-* 
fa (2) vo 
Vg cm! 487415 
vg cm™! 565+ 20 
v7 cm! 674+30 
u, vg=1, debye 1.430+0.012 
ut, Vg=1, debye 1.387+0.010 
ut, 77=1, debye 1.386+0.010 
ap+ac, Mc/sec v9= 1 57.66+0.05 
vg=1 10.72+0.05 
vz=1 22.39+0.05 
ap—ac, Mc/sec v9=1 18.39+-0.05 
vg=1 —27.0+0.05 
%7=1 — 27.88+0.05 
Ds, Mc/sec v9=1 +0.020+0.004 
vg=1 —0.026+0.004 
v7=1 0.019+0.004 
Dx, Mc/sec v9=1 0.505+0.030 
vg=1 ri 
v7=1 0.550+0.030 








HDC:0 D:C20 
18,821.68+0.15 17,673.46+0.05 
472.421+-0.100 568.136+0.100 
0.00254186+0.00000400 0.0042700+-0.0002000 
1.423+0.015 1.442+0.013 

cee 0.000+0.005 

oe 0.35340.030 
(1.91+0.10) X10 (1.66+0.10) x 10~* 
(2.428+0.033) x 10% (1.37520.025) x 10~* 

cee (604+ 200) x 10-* 
55.97+0.05 53.27+0.05 
11.08+0.05 cee 
25.18+0.05 

34.66+0.05? 





















D. Zero-Point Vibration 


There are two well-known methods for finding the 
equilibrium moments of inertia from the microwave 
“effective” values, the first from vibrational data and 
the second from microwave data. In the calculations 
of the first method, anharmonic force constants which 
are generally unknown contribute effects of the same 
order as harmonic force constants so the calculation is 
seldom feasible. Rough calculations of the harmonic 
correction can be used to calculate the order of magni- 
tude of the error, however. This idea is later applied 
tocalculation of the error to be assigned to the structure 
determination. The second method consists of finding 
rotational transitions of the molecule in each of the 
fundamental excited vibrational states. The reciprocal 
moment a for ketene in a vibrational state characterized 
by vibrational quantum numbers 71, m2, «++ m9 is then 






















ans my + ms) =0(0,0, + OFT ae(net4), (11) 





and similarly for 6 and c. Here the a are interaction 
constants and a(0, 0, --- 0) is the equilibrium reciprocal 
moment of inertia, which can then be calculated. 

A considerable number of R branch lines of the mole- 
cule in excited vibrational states was found. For the 
J=0—1 transition of H.C.O, all but one of the inter- 
action lines from vibrations v7, vg, and vg were measured, 
enabling calculation of a»°, a.°, as®, a.®, as’, and a,” as 
well as D;x for each state. Since we have no knowledge 
of the other a-values, however, we cannot correct for 
zero-point vibration. The known values are neverthe- 
less interesting since they give the order of magnitude 















of this correction. The measured values of a and D;x 
are listed in Table II. 


E. Electronic Interaction 


There is a small effect on the rotation spectrum caused 
by the coupling of the electronic motion to the rotation. 
Recent work by Eshbach and Strandberg’ has shown 
how this coupling gives rise to a molecular magnetic 
moment which can be measured. We shall now show 
that the magnetic moment can be used to obtain the 
effect of the electronic interaction on the rotational 
frequencies. The Hamiltonian of the rigid rotor plus 
the electrons is (negligible error in calculating the 
electronic interaction is made here by omitting the 
vibrational part) 


H=H+HAH', (12) 
where 
P? 
H=; LL — (13) 
i=a,b,c J; 
1 
H.=—)D ie pi7+V(a, b, ¢), (14) 
2m i a,b,c 
LP; 
H’=- + —. (15) 
i=a,b,c qT; 


Here Na, Ns, N. are the components of the nuclear 
angular momentum N resolved along the nuclear a, }, 
and ¢ principal axes of inertia ; J., Js, 7, are the principal 
moments of inertia of the nuclear system; m is the mass 
of the electron; aj, psj, Pej are the components of 
linear momentum of the jth electron in a space-fixed 
system, resolved along the axes a, b, and c; and V(a, b, c) 
is the potential energy of the electrons. The terms in 
















TABLE III. Moments of inertia of HDC,0, AMU-A?. 
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Calculated Measured Error (%) 
Ta 2.5946 2.5914 0.12 
Ig 52.320 52.377 0.03 
Ie 54.972 55.089 0.21 








L2/2I, etc., have been neglected. Shift in the center of 
mass has also been neglected. Also 


P=N+L (16) 


where P,, Ps, P. are the components of the total angular 
momentum P of the electrons plus nuclei in a space- 
fixed system resolved along a, b, c; La, Le, L. are the 
components of the angular momentum L of the elec- 
trons in a space-fixed system resolved along a, }, c. 
Choose now the matrix representation in which P?, 
H., and H, are simultaneously diagonal. This can be 
done since these operators mutually commute.!° The 
eigenvalues of H, are the first approximation to the 
energy levels of the rotational spectrum. The subscript 
n labels the eigenvalues E, and eigenfunctions y,° of 
H, with n=0 corresponding to the lowest state. H’ is a 
small coupling between H, and H, which will influence 
the energy of each rotational level. After diagonalizing 
H in n by second-order perturbation theory, the n=0 
elements of H are found to be 











P?2 PP; 
H=4)—-L 2 A sj, (17) 
id; ‘ # IJ; 
= (ol Ls|n)(n| Zsl0) 
A 0| Li|N)\N| L;| 0 
Ag=X! (18) 
: E,—Ep 


In these and later equations, indices i, 7 and & run 
over a, b, and c. 
We define 





(19) 


and a symmetric tensor G;;" cyclical in a, 6, c of which 
typical elements are 











é 5 
Gas"= D Zx(b2+¢;7) 
vl, k 
and > (20) 
e 
Gav" = —— > Zyaxby. 
b re k as 


Eshbach and Strandberg’® showed for ‘>> states that 
if m; is the component of the vector rotational magnetic 
moment m along a principal inertial axis i 


mi= >) GisP3, (21) 
j 


P is R. Eshbach and M. W. P. Strandberg, Phys. Rev. 85, 24 
952). 
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where 
Gig= Gi? +Gi;". (22) 


Here e¢ is the electronic charge; » is the velocity of 
light; a, 5,, and c, are the coordinates of the kth 
nucleus in the principal inertial axis system; and Z, 
is the atomic number of the th nucleus. 

If A= Aji, Eq. (17) can be written, 


P? PP; (AwtAji 
fahT——T FT ( “), (23) 
‘J; . ¥ Id; 2 








A sufficient condition for this assumption is that G, 
be diagonal. With Eqs. (19) and (22), Eq. (23) becomes 


P? mv P;P; 
B=$2.-———Z, 2 Gy" 
ia OCP 





iP; 


mv 
+—2 ie Gi; 


e © # ‘ 





(24) 


The second term of the right-hand side of Eq. (24) can 
be written, using Eq. (20), as 

mv Pp iP j P iP j 

—2, a — Late, (25) 
e¢ i Es 


1 ij 





where typical elements of the tensor J;;°, symmetric 
and cyclic in a, b, c, are 


Taa°=} D>, mZ,(b2+c) 
k 
Tq*= —4 >, mZ,a,b, 
k 


That is, /;;° is the moment of inertia tensor of the elec- 
trons considered concentrated at their respective nuclei, 
in the nuclear principal axis system. Using Eqs. (24) 
and (25), we have 


653 15° mv P;P; 
H=35 y|=-—pe+™ FEG—, (oH 
‘ill; Id; et #7 I 


7 j 7 





where 6,; is the usual Kronecker delta. The quantity 
in the brackets in Eq. (26) is obviously the reciprocal 
of a moment of inertia tensor; we will now find the 
corresponding moment of inertia tensor. The bracketed 
quantity is nearly diagonal, so its reciprocal will be of 
the form 


653 T° 1 
|--— = 1 6ij+Bis, (27) 
I, Wd; 


where 6,;</J;, for all i, 7, k. Thus, 





bu Tix? 
x|=- le Ons +Brj_]= ii, (28) 

whence ‘ ; 
Bis=T 5°, (29) 
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This last equation states that in the limit when the 
molecular magnetic moment is zero, the case of “per- 
fect slip” which is approached by the large number of 
inner shell electrons in molecules made up of heavy 
nuclei, the effect of electronic interaction is to change 
the rotational energy from that calculated using nuclear 
masses to that using atomic masses, the method gen- 
erally used. Exact correction for electronic interaction 
can be made from experimental magnetic moment 
measurements using Eq. (30). This entire derivation is 
of course based on the assumption A,;=A;; made in 
connection with Eq. (23); although it covers a very 
important class of molecules, molecules of very low sym- 
metry are excluded. Generalization appears feasible but 
more involved.f 

The tensor G;; has at worst the same symmetry as 
the nuclear system. For H,C,O and D.C;0, symmetry 
Cx», it is diagonal. An estimate of G,;; for H2C,O is 
Gaa=+0.48e/2 Mv, |Gu~G.-| <0.05e/2 Mv where M 
is the proton mass. Use of these figures results in de- 
creasing the H—H distance by 2.45X10~A below the 
value that results from using atomic masses, and in- 
troducing a correction of less than +4X10~A in the 
C=C=O distance. 


F. Structure 


The equilibrium structure is to be calculated from 
the equilibrium moments of inertia. We do not know 
the equilibrium moments, so the structure has been 
calculated from the moments of inertia extrapolated 
to zero centrifugal distortion. The errors assigned are 
taken roughly equal to an estimate of the correction 
resulting from the harmonic force constants, calculated 
on the assumption of a simple harmonic oscillator. 

Unfortunately, the structure of ketene is such that 
the carbon nucleus is, for all feasible isotopic configura- 
tions, so close to the center of gravity of the molecule 
that its position (+0.10A) has no effect upon the rota- 
tional spectrum. Consequently, only three structural 
parameters can be deduced from this work. First, the 
H to axis distance can be calculated from I4 of H2C:O 
and D.C,0. This gives values 0.9399A and 0.9406A, 
respectively (uncertainties in extrapolation to zero 
centrifugal distortion amount to +0.0010A here). 
Solving the expressions for Js of H,C,0 and D.C.0 
simultaneously gives the length of the C=C=O chain 
and the projection of the C—H bond length along the 
symmetry axis as 2.4751A and 0.5210A, respectively. 
The first of these is to be compared to the electron 
diffraction result of 2.52-0.04A. The inertia defect 

t The ‘assumption that A is diagonal, as made above, is not 
drastic since it may be shown that the off-diagonal elements of A 
Contribute to the energy only in the second and higher orders 


anyway. 
it J. Y, Beach and D. P. Stevenson, J. Chem. Phys. 6, 75 (1938). 
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A in the expression Jc=J4+Jg+A here amounts to 
5 percent and 3 percent of J4 for H:C,0 and D.C,0, 
respectively, so that I¢ calculated from this structure 
is in error by something of the order of 0.2 percent. 
The measured moments of HDC.O were used as a 
check, with the result shown in Table III. 

These errors are well outside the experimental error; 
calculations show that the length of the C=C=O chain 
varies only 6X10-°A per Mc/sec frequency change of 
the J =0—1 line, and that the component of the C—H 
distance along the symmetry axis varies 5X10~A per 
Mc/sec. In this work, Planck’s constant times Avo- 
gadro’s number is taken as 39.9066X10~ cgs; the 
present fractional error in this value” of 1:2.3X10~, 
is not the limiting error in the final result, but is of the 
same order as the electronic correction. 

The structure is shown in Fig. 5. 


Ill. STARK EFFECT AND ABSORPTION INTENSITIES 
A. Stark Effect 


The electric dipole moments determined from the 
Stark effect of the /=0—1 transition of each molecule 
in the ground state, and of H,C;0 in excited vibrational 
states, are listed in Table II. The difference in dipole 
moment between different isotopic forms is nearly 
within the experimental error. Some of the vibrational 
states have dipole moments differing from that of the 
ground state by more than the experimental error. 
Errors are estimated limits. Agreement with the more 
impurity-sensitive method of Hannay and Smyth,” 
which yielded 1.45 Debye units, seems good. 

In general, the Stark effect is quadratic. Because the 
molecule is nearly symmetric, however, R branch 
transitions with K_;=1 have a quadratic Stark at low 
fields which changes to linear at high fields. R branch 
lines with K_;2 2 have essentially a linear Stark. 


B. Intensities in the Ground Vibrational State 


The line breadth parameter was measured on the 
J=01 line of H:C.0 as 19.8+-2.0 Mc/mm.f Line in- 


12 J. W. M. DuMond and E. R. Cohen, Revs. Modern Phys. 
20, 82 (1948). 

is N. B. Hannay and C. P. Smyth, J. Am. Chem. Soc. 68, 1357 
(1946); A. D. Walsh, J. Am. Chem. Soc. 68, 2408L (1946). 
t Half-width at half-intensity. 
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tensities were then calculated from the Van Vleck- 
Weisskopf formula, with results consistent with rough 
estimates of intensity relative to nearby ammonia lines. 
In particular, the intensity alternation associated with 
the identical hydrogen nuclei in HzC,0 and D2C;0 was 
observed. The specific effect of this nuclear identity on 
transitions between levels in the ground vibrational 
state for H2C;0O is the increase of transition intensities 
between levels of odd K_; by a factor of three. In- 
tensities are increased by the same factor for even K_; 
values in transitions between levels in accessible vibra- 
tional states. For D2C.O, ground vibrational state in- 
tensities for even K_, are increased by a factor of two; 
again, transition intensities in accessible excited vibra- 
tional states have the opposite dependence on the parity 
of K_. These facts further substantiate the C2, sym- 
metry of the molecule. 

Lines with K_,=3 are weak. H2C,O lines in K band 
with K_,;=3 have intensities of 10-® cm. D2C,0 lines 
in K band with K_,:=3 are about 1.1X10-? cm™ in a 
pure sample, and so could be detected, but K_1=4 
lines are 7X10-® cm. No K_,=3 lines were searched 
for, however. 

Cooling the wave guide to dry ice temperatures is 
calculated to give an increase in line strength of a factor 
of about 4 for low-lying transitions. The vapor pressure 
of ketene at dry ice temperature was measured as 
roughly 200 mm of mercury. 

Intensities recorded in. Table I for H:C,0 and 
D.C,0 are calculated on the basis of a pure sample, 
but for DHC,O, on the basis of a 50 percent pure sample, 
which is the maximum easily obtainable. 


C. Intensities in Excited Vibrational States 


For H;C,0, the intensity ratio of the ground-state 
line to the vibration satellites corresponding to vibra- 
tion fundamentals v9, vg, and v7 is. 1:3 exp(—v9/k7): 
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3 exp(— vs/kT): 3 exp(— v7/kT). This involves the highly 
reasonable assumption that the lowest three modes of 
vibration are antisymmetric or “B” type. Thus, the 
intensity measurements already described imply the 
vibrational fundamentals listed in Table IV. The errors 
assigned are calculated from the estimated error of the 
intensity measurement (at room temperature, the fre- 
quency error in cm is twice the percent error in the 
intensity). 

Figure 6 shows the actual pattern of the J=0—1 
transition of H2C.0. The solid line connects our meas- 
ured values, and limits of error assigned to these values 
are also shown. Intensity points calculated from the 
vibrational fundamental assignments of Halverson and 
Williams“ have also been plotted and connected by a 
dashed line. Barring an accidental and very unlikely 
coincidence of the satellites from vibrations v¢ and »;, 
there is a definite disagreement for v7. Although calcula- 
tion of vibrational fundamentals from rotational rela- 
tive intensity measurement gives far less accuracy 
than the usual infrared techniques, the former method 
has the great advantage of freedom from the confusion 
of combination bands near the same frequency. The 
infrared spectrum of ketene has a large number of these 
which might result in difficulty of assignment of some 
of the fundamentals. 


IV. CONCLUSION 


A more accurate structure evaluation for ketene de- 
pends mainly upon correct calculation or measurement 
of the zero-point vibration interaction. It appears that 
this would be difficult at present. 

Further measurement of the spectrum of D,C;0 
would be extremely interesting as a more complete 
check on centrifugal distortion theory applied to a 
molecule with both Q and R branch transitions ; besides 
investigating how well the rotational spectrum can be 
fitted to the theory, actual calculation of the coefficients 
from the vibrational fundamentals would be feasible 
for ketene because of its symmetry. R branch sets 
measurable are J=0—1*, 12*, 2-3, 3-04, and 45; 
Q branch series measurable have K_=1*, 2*, and 3. 
Those starred have actually been measured. 

Possibly, further work on the vibrational spectrum 
is also indicated. 


TABLE IV. Comparison of microwave and infrared measurements 
of vibration frequencies, cm™. 








v9 7) v7 % 








Microwave 
Halverson and Williams 
Drayton and Thompson 


487415 565420 674+30 
588 909 


529 
540 600 910 995 








44H. Halverson and V. Z. Williams, J. Chem. Phys. 15, 552 


(1948). 
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Heat capacity measurements have been made over the temperature range 15-300°K for uranium metal, 
uranium trioxide, and uranium dioxide. A maximum was observed at 28.7°K in the heat capacity curve 
of UO: which is probably the result of the changing population of the magnetic quadrivalent uranium ions 
among their available energy states. The entropies of these substances at 298.16°K are 12.03, 23.57, and 
18.63 cal deg! mole™!, respectively. The free energies of formation of UO; and UO: are —273.143 and 


—246.6+0.6 kcal mole, respectively. 


HE measurements reported in this paper were 
performed at the University of California during 
the late summer and fall of 1942 for the purpose of 
securing data needed by the Manhattan Project. The 
work was conducted as part of a contract between the 
University of California and Columbia University. 
High temperature data for the present compounds, 
obtained with samples representative of our own in 
composition (except possibly for UO;, as discussed in 
the following material), have already been reported.’ 
Two calorimeters were employed. The first was used 
for the measurements on uranium metal and has been 
described by Giauque and Meads.” The second calo- 
rimeter used with UO; and UO: was provided with 12 
radial vanes to facilitate heat conduction and has been 
described by Giauque and Archibald.* For general 
features of the measurements reference may be made 
to Giauque and collaborators. In each case a small 
amount of helium, for which correction was made, was 





*Present address: Los Alamos Scientific Laboratory of the 
University of California, Los Alamos, New Mexico. 

t Present address: Chemical Industries Week, 330 West 42nd 
Street, New York 18, New York. 

t Present address: Institute for the Study of Metals, The 
University of Chicago, Chicago, 37, Illinois. 
(1943) E. Moore and K. K. Kelley, J. Am. Chem. Soc. 69, 2105 
aah) F. Giauque and P. F. Meads, J. Am. Chem. Soc. 63, 1897 

*W. F. Giauque and R. C. Archibald, J. Am. Chem. Soc. 59, 
561 (1937). 

‘(a) W. F. Giauque and R. Wiebe, J. Am. Chem. Soc. 50, 101 
(1928); (b) W. F. Giauque and H. L. Johnston, 51, 2300 (1929). 


added to the calorimeter to facilitate heat conduction. 
The gold resistance thermometers were calibrated 
against a standard copper-constantan thermocouple, of 
laboratory designation W-26, the working junction of 
which was imbedded with Rose metal in a well at the 
bottom of the calorimeter. The calibrations were carried 
out concurrently with the heat capacity measurements 
at intervals of approximately five degrees. The defined 
thermochemical calorie equal to 4.1833 international 
joules is used throughout, and 0°C is taken to be 
273.16°K. The atomic weight of uranium was taken as 
238.07. A smooth curve through the data should be 
accurate to 0.2 percent above 35°K. The error may be 
1 percent at 20°K and 2-3 percent at 15°K. 


MATERIALS 


The uranium sample had been cast in the shape of a 
cylinder and was provided by Dr. J. W. Marden. The 
material was thoroughly cleaned with benzene before 
placing in the calorimeter. The analysis by Moore and 
Kelley! on a sample which was cast with the present 
material from the same block of metal indicated 99.71 
percent uranium. 

The uranium trioxide was prepared by Mr. H. F. 
Priest by heating a quantity of uranyl nitrate for eight 
hours in a muffle furnace at 300°C until complete de- 
composition had occurred. The muffle was kept closed 
in order to maintain an oxidizing atmosphere of NO, 
over the sample. After removal from the furnace the 
sample was ground in an agate mortar and sifted 








TABLE I. Heat capacity of uranium metal. 








cal deg™ g-atom= atomic weight 238.07 0°C =273.16°K 





T, °K Cp T, °K Cp T, °K Cp 
Series I 87.07 5.072 192.61 6.154 

15.38 0.432 92.78 5.194 198.51 6.203 
16.61 0.496 98.95 5.325 Series III 
18.55 0.665 104.83 5.435 205.17 6.232 
21.01 0.914 111.02 5.532 211.12 6.274 
23.92 1.211 117.43 5.591 217.81 6.295 
27.56 1.639 123.51 5.639 224.94 6.335 
31.20 2.080 128.26 5.697 231.93 6.348 
35.33 2.530 134.61 5.754 238.78 6.381 
40.11 2.954 140.93 5.823 245.64 6.417 
45.28 3.369 147.09 5.874 252.95 6.441 
50.50 3.731 153.38 5.924 259.42 6.476 
55.54 4.011 159.80 5.964 266.38 6.486 
60.64 4.231 166.69 6.008 273.08 6.524 
65.79 4.446 173.65 6.053 280.22 6.544 

Series IT 180.08 6.091 287.56 6.548 
71.58 4.657 186.41 6.131 294.94 6.556 
76.01 4.807 297.77 6.574 
81.54 4.955 








through a 120-mesh brass screen. Separate portions 
were tested for reducing action with dilute KMnO, 
solution and for nitrate. Both tests gave negative re- 
sults. A quantitative analysis by Mr. S. J. Kiehl, Jr., 
using the silver reductor-ceric sulfate method, showed 
that the uranium content was 99.9+0.1 percent of the 
theoretical value. It had been found during the analysis 
that the finely ground oxide took up small amounts of 
water from the atmosphere. For this reason the UOs, 
which had been received by us in an airtight screw-cap 
container, was heated in an oven at 100°C for three 
hours immediately before sealing it into the calo- 
rimeter. The heat capacity at 270.95°K in Table III 
shows that the free water content was about 0.04 mole 
percent. Moore and Kelley' have reported that their 
sample, as received from us, contained 1.17 percent 
water not removable at 120°C. We have no detailed 
record of the history of their sample, but it seems 
possible that it had more opportunity than our own to 
pick up moisture. If our sample actually contained any 
significant amount of water, it was bound in such a 
manner as to give an almost normal heat capacity at 
0°C. Fortunately, the fractional effect on the UO; heat 
capacity would be less than the fractional water con- 
tent. No correction has been made. An analysis by 
Moore and Kelley on their final material gave 83.02 
percent uranium, as compared with the theoretical 
value of 83.22 percent. 

The uranium dioxide came from a one-pound lot 
originating with the Mallinckrodt Chemical Works of 
St. Louis. Their analysis, provided by Dr. J. A. Kyger, 
indicated 99.3 percent UOs, 0.7 percent UOs, and traces 
of other metal oxides. No correction has been made for 
the UO; content. An analysis by Moore and Kelley 
indicated 88.26 percent U against a theoretical 88.15 
percent. The material was a powder of well-crystallized 
particles. 
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HEAT CAPACITY AND ENTROPY OF 
URANIUM METAL 


The conditions for heat transfer from the calorimeter 
wall to the uranium cylinder were not very favorable, 
but the accuracy of the data was not significantly im- 
paired by the somewhat abnormal temperature rise of 
the resistance thermometer-heater over the calorimeter 
wall during energy input. The weight of the uranium 
sample was 2135.21 grams in vacuum or 8.9688 gram 
atoms. The results of the measurements are presented 
in Table I. Table II gives values of C, at rounded 
temperatures as read from a smooth curve through the 
data. The values of C, given in Table II were computed 
from C, and the empirical equation 


Cy—C.=ATC;,?. 


The constant A was evaluated at room temperature 
from the thermodynamic equation 


Cy—Cy=e2VT/B. 


The isothermal compressibility a was taken to be 
(8.4+0.5)X10-" cm? dyne, derived from measure- 
ments on Young’s and shear moduli on uranium bars 
by Birch and by Kilpatrick, Laquer, and McGee at 
Los Alamos.° The density of a-uranium was taken to 
be 18.95+0.05 g/cm-*,®” giving a molal volume of 
12.56 cm’. The thermal coefficient of cubical expansion 
B was taken to be (50+2)X 10-* deg". A is then found 
to be 2.07X10-> g-atom cal“. C, attains the value 
$R at 40.5°K and the value 3R at about 181°K. 

The entropy was obtained by graphical evaluation 
of {'C,d |nT and a Debye function extrapolation with 


TABLE II. Heat capacity of uranium metal. Values at rounded 
temperatures from a smooth curve through the data. 








cal deg™ g-atom™! Atomic weight 238.07 0°C =273.16°K 





T, °K G Ce T, °K Cp Ce 
15 0.416 0.416 160 5.970 5.852 
20 0.809 0.809 170 6.031 5.903 
25 1.334 1.333 180 6.092 5.953 
30 1.938 1.936 190 6.152 6.003 
40 2.946 2.938 200 6.211 6.051 
50 3.700 3.686 210 6.268 6.097 
60 4.208 4.186 220 6.313 6.132 
70 4.601 4.571 230 6.355 6.163 
80 4.910 4.870 240 6.395 6.192 
90 5.134 5.085 250 6.437 6.222 

100 5.345 5.286 260 6.475 6.250 
110 5.503 5.435 270 6.511 6.274 
120 5.623 5.545 280 6.539 6.291 
130° 5.722 5.634 290 6.556 6.298 
140 5.814 5.716 300 6.571 6.302 
150 5.897 5.789 








5 We are indebted to Dr. H. L. Laquer for providing us with 
these data. See Laquer, McGee, and Kilpatrick, Trans. Am. Soc. 
Metals, 42, 771 (1950). 

6 7) W. Jacob and B. E. Warren, J. Am. Chem. Soc. 59, 2588 
1937). 

7 F. H. Driggs and W. C. Lilliendahl, J. Ind. Eng. Chem. 22, 516 
(1930). 

8 We thank Dr. H. R. Nelson of the Battelle Memorial Institute 
for supplying this information. 
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HEAT CAPACITIES OF U, UQOs, 


TABLE III. The entropy of uranium. 








0-15°K, Debye extrapolation 0.121 
{5-298.16°K, graphical integration 11.913 


Sat 298.16°K 12.03+-0.03 cal deg mole“ 








a characteristic temperature of 162°K. The calculation 
is summarized in Table IIT. 


HEAT CAPACITY, ENTROPY, AND FREE ENERGY 
OF FORMATION OF URANIUM TRIOXIDE 


The weight of the uranium trioxide sample was 
277.429 grams in vacuum or 0.96979-gram atoms. The 
original data and smoothed values of C, at rounded 
temperatures appear in Tables IV and V. 

The entropy calculation is summarized in Table VI. 
The extrapolation was made with a single Debye func- 
tion having a characteristic temperature of 140°K. 

The heat of formation of UO; is taken to be 291,600 
cal.® Taking the present entropies of U and UO; and 
the computed entropy of oxygen gas,!° we obtain 


U+30.= UO; 
AH ° 998. 16= = 291,600+ 3000 cal 

AS °098.16= — 61.98+0.07 cal deg 
AF “098. 16 — 273,100+-3000 cal. 


HEAT CAPACITY, ENTROPY, AND FREE ENERGY OF 
FORMATION OF URANIUM DIOXIDE 


The heat capacity data are given in Tables VII and 
VIII and in Figs. 1 and 2. The first series of measure- 


TaBLE IV. Heat capacity of uranium trioxide. 








Molecular weight 238.07 0° =273.16°K 
T, =X Cp 


cal deg! mole“! 
a, Cp 








us with 
m. Soc. 


39, 2588 
22, 516 


nstitute 


139.58 12.98 
146.20 13.44 
152.74 13.87 
156.60 14.13 
163.20 14.54 
169.60 14.89 
176.29 15.30 
183.59 15.67 
190.50 16.03 
199.78 16.18 
207.14 16.78 
214.34 17.15 
221.12 17.43 
227.89 17.69 
234.89 18.00 
241.88 18.30 
248.79 18.66 
256.10 18.87 
263.51 19.11 
270.95 19.53 
278.52 19.69 
285.90 19.71 
294.57 20.16 


13.81 0.483 
15.24 0.611 
17.52 0.805 
19.96 1.024 
22.32 1.289 
24.93 1.562 
28.32 1.899 
33.21 2.407 
39.07 3.118 
44.74 3.792 
50.49 4.407 
56.60 5.130 
62.99 5.846 
67.61 6.356 
73.62 7.005 
78.79 7.559 
82.53 7.951 
86.85 8.391 
92.11 8.933 
97.95 9.499 
104.51 10.12 
119.33 11.42 
126.35 12.05 
132.89 12.49 








*Bichowsky and Rossini, Thermochemistry of Chemical Sub- 
sances (Reinhold Publishing Corporation, New York, 1936). 
Asse W. Wooley, J. Research Natl. Bur. Standards 40, 163 
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TABLE V. Heat capacity of uranium trioxide. Values at rounded 
temperatures from a smooth curve through the data. 








cal deg mole™ Molecular weight 286.07 0° =273.16°K 
ee 4 Cp he Cp 


0.590 160 14.34 
1.050 14.91 
1.567 15.48 
2.074 16.00 
3.234 16.49 
4.356 16.95 
5.514 17.39 
6.612 17.81 
7.694 18.24 
8.675 18.65 
9.675 19.03 
10.62 19.39 
11.51 19.72 
12.31 20.02 
13.03 20.30 
150 13.70 











ments revealed a region of high energy absorption in 
the neighborhood of 30°K. The measurements of Series 
II and III, made over temperature intervals of 0.1-0.5 
degree, established satisfactorily the shape of the heat 
capacity curve, which rises smoothly to a maximum 
value of about 9 cal deg“! mole at 28.7°K and then 
falls rapidly on the high temperature side. The measure- 
ments indicate that the slope of the heat capacity curve 
changes continuously. There was no evidence of poor 
thermal equilibrium, and the agreement of the three 
series of measurements shows that there were no 
hysteresis effects. The total entropy, including that 
arising from the heat capacity maximum, is summarized 
in Table IX. The Debye extrapolation is somewhat 
uncertain because of the low temperature maximum. 
The characteristic temperature of 160°K is based on 
the measurements below 20°K; the uncertainty in the 
extrapolation is estimated to be 0.03 cal deg~ mole. 
The value for the total entropy assumes that there is 
no entropy below the lowest temperature of our meas- 
urements other than that given-by the Debye ex- 
trapolation. 

The heat of formation of UO, is 259.2+0.6 kcal." 
Using the present entropies of U and UO, and the 
entropy of oxygen gas’ we obtain 


U+ O.= UO, 
AH °298.16= — 259,200+-600 cal 
AS °298.16= —42.41+0.11 cal deg 
AF °29s.16= — 246,600+-600 cal. 


OF THE HEAT CAPACITY ANOMALY 
IN UO; 

The state of the U* ion is *F, for a 6d? electronic 
configuration, assuming Hund’s rule for L-S coupling. 
The state is *H, for a 5f'6d!' or 5f? configuration. The 
corresponding L-S coupling magnetic moments are 


DISCUSSION 


11 Measurements at the Los Alamos Scientific Laboratory by 
Holley, Huber, and Meierkord. We wish to express our apprecia- 
tion for permission to utilize this value in advance of publication. 
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Fic. 1. Heat capacity in calories per degree per mole 
of uranium dioxide. 


1.63 and 3.58-Bohr magnetons, while the spin-only 
moment for a triplet state is 2.83. Dawson and Lister” 
have found that UO, follows the Curie-Weiss law, 
x(T+6)=C, with 6=233°K and a derived magnetic 
moment of 3.20 (diamagnetic correction included), 
indicating a 5f? or 5f'6d! configuration with appreciable 
quenching of the orbital contribution. Haraldsen and 
Bakken" found a @ of 180°K and a moment of 2.92 
(correction for diamagnetism would raise the moment 
by about 0.1 unit), suggesting slightly more orbital 
quenching. No magnetic measurements below about 
90°K have been reported. 

If the orbital contribution to the magnetic moment 
were completely quenched, then the magnetic ions 
would be equally distributed among three magnetic 
states at sufficiently high temperatures. With decreas- 
ing temperature an increasing fraction of the ions would 
move into the state of lowest energy, until at the abso- 
lute zero a completely ordered arrangement of zero 
entropy would be attained. We believe that the maxi- 
mum in the heat capacity curve of UO: is associated 
with some such loss of magnetic entropy at low tempera- 
tures. For complete orbital quenching the magnetic 
entropy present at high temperatures amounts to R In3 
or 2.18 cal deg mole“. For free ions with a *Hy, ground 
state the magnetic entropy would approach R 1n9 or 
4.37 cal deg mole at high temperatures. In Figs. 1 
and 2 we have indicated by a dashed line an estimate 
of the lattice heat capacity resulting from the crystal- 
line vibrations. The entropy contributed by that por- 
tion of the observed heat capacity which lies above the 
dashed line corresponds to 0.87 cal deg“ mole. A 
large fraction of the magnetic entropy present at 


TABLE VI. The entropy of uranium trioxide. 








0.196 
23.378 


23.5740.06 cal deg mole 


0-15°K, Debye extrapolation 
15-298.16°K, graphical integration 


S at 298.16°K 








12 J. K. Dawson and M. W. Lister, J. Chem. Soc. 2181 (1950). 
Other pertinent references are given in this paper. 
3H. Haraldsen and R. Bakken, Naturwiss. 28, 127 (1940). 
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high temperatures must therefore be acquired jp 
regions of temperature other than that in which the 
anomalous heat capacities occur. The situation con- 
sidered most likely is that magnetic entropy con- 
tinues to be acquired at higher temperatures in go 
gradual a manner that the magnetic and lattice con- 
tributions to the heat capacity are not readily separable, 
Such a separation has sometimes been assisted by com- 
parison with a similar substance which is expected to 
have closely the same lattice contribution without mag- 
netic complications. Unfortunately such data are not 
available in this case. Another possibility, considered 
less likely, is that there remains at the lowest tempera- 
tures of our measurements a substantial magnetic 
enttopy which would be lost at lower temperatures. 
Further experiments at lower temperatures, perhaps 
including measurements of the magnetic susceptibility, 
will be necessary in order to prove positively that an 
ordered state has been reached. 


TABLE VII. Heat capacity of uranium dioxide. 








cal deg mole! Molecular weight 270.07 0°C =273.16°K 





7. Cp Ty, Cp 7, = Cp 7, =. Cp 
Series I 
14.15 0.308 31.36 2.260 28.90 8.80 190.99 12,25 
16.23 0.497 31.95 2.269 29.07 8.63 Series V 
18.77. 0.807 32.73 2.287 Series IV 193.01 12.25 
21.49 1.276 35.71 2.424 63.63 4.369 200.87 12.54 
41.15 2.710 Series III 71.62 4.960 207.90 12.73 
47.21 3.158 22.37 1.450 78.88 5.467 214.61 12.98 
52.00 3.513 23.33 1.679 85.10 5.916 221.41 13.31 
57.24 3.922 24.13 1.941 90.54 6.331 228.96 13.48 
Series II apparatus cooled 96.24 6.740 235.02 13.72 
13.68 0.261 slightly 102.06 7.086 241.75 13.92 
15.27 0.418 24.07  t 108.11 7.492 248.50 14.12 
17.29 0.609 24.79 2.164 113.40 7.896 255.24 14,32 
19.61 0.928 25.41 2.420 120.09 8.282 262.47 14.56 
22.70 1.537 25.97 2.690 126.20 8.680 268.57 14.68 
28.38 7.99 26.46 3.012 133.18 9.113 274.33 14.76 
28.59 8.79 26.92 3.403 139.74 9.503 281.10 14.88 
28.84 8.89 27.31 3.918 146.23 9.868 287.57 15.08 
29.08 8.55 27.65 4.723 152.48 10.20 294.82 15.31 
29.33 8.24 27.93 S30 158.65 10.53 300.21 15.53 
29.61 7.31 28.17 6.95 165.25 10.87 
29.90 5.86 28.37 7.92 171.90 11.18 
30,29 2.828 28.55 8.71 176.61 11.47 
30.89 2.282 28.72 8.98 183.85 11.76 








The narrowness of the heat capacity curve in the 
anomalous region, the sharpness of the maximum, and 
the rapid drop on its high temperature side are char- 
acteristic of cooperative behavior. The behavior of UO:, 
as well as that of many other concentrated paramag- 
netic compounds at low temperatures, is probably 
caused by the phenomenon of antiferromagnetism, an 
approximate theory of which has been given by Van 
Vleck."* This theory predicts a gradual rise of the mag- 
netic heat capacity to a maximum, followed by a discon- 
tinuous fall to zero. At this temperature the complete 
magnetic entropy would have been acquired. Our results 
do not agree with this picture. It must be mentioned, 
however, that the Van Vleck theory applies as it stands 
only to spin-only cases in which the magnetic species are 
in simple cubic or body-centered cubic array. The orbital 
contribution to the magnetic moment is not completely 
quenched in UO: over the temperature range in which 


“ J. H..Van Vleck, J. Chem. Phys. 9, 85 (1941). 
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HEAT CAPACITIES OF U, UQOs:, 


magnetic measurements have been made. In addition 
UO, has a structure of the fluorite type'® in which the 
uranium ions have a face-centered cubic arrangement. 
The prediction of zero magnetic heat capacity above a 
critical temperature is the same as that of the Weiss- 
Heisenberg theory of ferromagnetism, of which the Van 


TaBLE VIII. Heat capacity of uranium dioxide. Values at rounded 
temperatures from a smooth curve through the data. 








Molecular weight 270.07 0°C =273.16°K 
7, Cp 


5.563 
6.298 
6.958 
7.619 
8.276 
8.923 
9.518 
10.07 
10.60 
11.11 
11.60 
12.05 
12.47 
12.87 
13.23 
13.57 
13.89 
14.16 
14.43 
14.69 
14.92 
15.14 
15.36 


cal deg! mole™! 
T, °K Cp 


15 0.382 80 
0.475 90 
0.582 100 
0.704 110 
0.842 120 
1.001 130 
1.178 140 
1.380 150 
1.610 160 
1.888 170 
2.243 180 
2.725 190 
3.50* 200 
6.10 210 
8.70 220 
$.15* 230 
2.275 240 
2.267 250 
2.382 260 
2.637 270 
3.367 280 
4.103 290 
4.841 300 











“These values are of reduced accuracy because the heat capacity is 
changing rapidly in this temperature region. 


Vleck theory is the analog for the case in which anti- 
parallel alignment of spins is favored. It has been men- 
tioned by Seitz'® that this discrepancy with experiment 
might be removed by consideration of short-range order 
in the theory. This would occur in much the same way 
that Bethe’s treatment of the analogous phenomenon 


®R. W. G. Wyckoff, Structure of Crystals (Chemical Catalog 
Company, New York, 1931), p. 239. 

%F. Seitz, Modern Theory of Solids (McGraw-Hill Book Com- 
pany, Inc., New York, 1940), p. 611. 
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Fic. 2. Heat capacity of uranium dioxide in calories per 
degree per mole in the anomalous region. 


of order and disorder removes, at least qualitatively, a 
similar discrepancy of the Bragg-Williams theory with 
experiment. Improved approximations with specific 
application to the face centered cubic lattice have 
recently been given by Kikuchi.!” 

It is expected that other compounds of quadrivalent 
uranium would exhibit similar behavior. The heat 
capacity of UF,,!* measured down to temperatures ap- 
proximately as low as ours, appears normal, but it seems 


TaBLeE IX. Entropy of uranium dioxide. 








0.12 
18.507 


18.63+0.1 cal deg™ mole 


0-15°K, Debye extrapolation 
15—298.16°K, graphical integration 


Total S at 298.16°K 








likely that experiments at lower temperatures would 
reveal a heat capacity anomaly. 
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A variety of spectroscopic data shows that the absorption frequencies of m—>7 electronic transitions 
progressively increase in the series of solvents, paraffin, alcohol, and water. This general effect of polar 
solvents on the frequency of m—7z transitions is related to the characteristic change in the molecular charge 
distribution accompanying this type of transition. In certain cases solvation effects can be of considerable 
value in distinguishing between n—>z and m—7 electronic transitions. 

Evidence is presented which indicates that the absorption bands of the ions, NO3~ (32,000 cm™), CO;~ 
(46,000 cm) and CS3™ (20,000 cm) are n—>7 transitions. 





I, INTRODUCTION 


HE dependence of the electronic spectra of solute 
molecules on the properties of solvent media 

can be used to establish empirical classifications of 
electronic spectra. Such empirical classifications have 
been made by Coggeshall and Pozefsky! for catacon- 
densed aromatic m—=7 spectra in paraffin hydrocarbon 
and benzene solvents, and by Burawoy?’ for various 
spectra in polar solvents. Our empirical classification, 
which is similar to that used by Burawoy, is: All 
absorption bands whose maxima are progressively dis- 
placed to lower frequencies in the series of solvents, a 
paraffin hydrocarbon, alcohol, and water, are called 
red-shift bands and all absorption bands whose maxima 
are progressively displaced to higher frequencies in the 
same series of solvents are called blue-shift bands. Cur- 
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Fic. 1. The blue-shift bands of molecules containing the C=0 
group. The symbols R, R’, Ph, Ph’ denote alkyl, substituted alkyl, 
phenyl and substituted phenyl groups, respectively. 


* The experimental portion of this work was assisted by the 
ONR under task order IX of contract N6ori-20 with the Uni- 
versity of Chicago. 

t National Research Council Postdoctoral Fellow, 1950-1952. 
( 081) D. Coggeshall and A. Pozefsky, J. Chem. Phys. 19, 980 

1951). 
2 A. Burawoy, J. Chem. Soc., 1177 (1939). 


rent interest in the blue-shift, red-shift classification of 
electronic spectra stems from the possibility that, in 
certain cases, it may be possible to relate this classifica- 
tion to classifications of spectra based on electronic 
configurations. 

Planar conjugated organic molecules containing 
double- or triple-bonded hetero atoms (=0, =, =N) 
frequently show singlet-singlet n—7 transitions.* These 
transitions arise from the excitation of an 
(nonbonding) electron of the hetero atom to.a r 
molecular orbital extending over the entire conjugated 
molecule. In Sections II and ITI of the present paper, 
it is shown that (a) all known n—7’s give blue-shift 
bands, and (b) solvation effects can be useful for dis- 
tinguishing between n—m and 2—r transitions. These 
two possibilities were apparently first suggested by 
M. Kasha,‘ but relatively little substantiating evidence 
has been published. Section IV deals with the identifica- 
tion of n—-7 transitions for the ions, NO;~, CO;~, and 
CS;~. All the electronic transitions discussed in the 
present paper are believed to be singlet-singlet (see 
Section ITI). 


II, CLASSIFICATION OF SPECTRA INTO BLUE-SHIFT 
AND RED-SHIFT BANDS 


This section presents a compilation of data on the 
blue-shift and red-shift bands of a typical group of 
planar conjugated organic molecules containing hetero 
atoms. Most of the data has been taken from the litera- 
ture and, whenever possible, the data of several in- 
vestigators on a particular compound have been com- 
pared. No inconsistencies in experimental results have 
been found which would invalidate our conclusions. The 
data on s-trinitrobenzene and benzonitrile (Section III) 
and nitrosobenzene’ are reported here for the first time. 
Our experimental procedure was similar to that de- 
scribed elsewhere® except that 1.0 and 10.0 cm light 
paths were employed, and that the nitrosobenzene was 


3For recent discussions of n—2 transitions, see J. R. Platt, 
J. Chem. Phys. 19, 101 (1951); J. R. Platt, Radiation Biology; 
(McGraw-Hill Book Company, Inc., New York, 1952), Chapter 4 
(to be published). 

4M. Kasha, Disc. Faraday Soc. No. 9, 14 (1950). 

5 See references to figures at end of this paper. 

¢ Ham, Platt, and McConnell, J. Chem. Phys. 19, 1301 (1951). 
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Fic. 2. The blue-shift bands of molecules containing nitrogen, 
oxygen or sulfur hetero atoms. The symbols R, R’, Ph, Ph’ denote 
alkyl, substituted alkyl, phenyl, and substituted phenyl groups, 
respectively. 








prepared and purified according to the method de- 
scribed by Coleman ef al.’ 

Figures 1-2 give the blue-shift bands, and Fig. 3 the 
red-shift bands, of the above mentioned group of or- 
ganic molecules containing hetero atoms. Literature 
references for compounds are listed at the end of this 
paper according to the Roman numerals in the figures.® 
A horizontal full heavy line in Figs. 1-3 gives the fre- 
quency (vertical scale) and loge® (horizontal scale) for 
an absorption maximum; a dashed horizontal heavy 
line gives the frequency and loge for a point on the long 
wavelength side of an absorption band whenever the 
absorption maximum is obscured by a neighboring 
band or is otherwise unknown. Most of the absorption 
frequencies in Figs. 1-3 are accurate to ca+150 cm. 

A vertical arrow indicates that an absorption band 
has “disappeared”’; that is, the band has moved so far 
to higher frequencies as to be completely obscured by 
other absorption bands. The frequency of the absorp- 
tion maximum is equal to or greater than the frequency 
indicated by the tail of the arrow. 

The paraffin hydrocarbon solvent in the three figures 
ishexane, heptane, or isooctane. The frequencies of an 
absorption maximum of a polar solute molecule in 
these solvents generally differ by less than 200 cm™; 
this frequency variation is usually negligible relative to 
the larger frequency shifts produced by alcohol and 
water. The alcohol is ethanol. Slightly different solvents 
are used for a few compounds.® Arabic figures give the 
differences in frequency (cm~) of absorption maxima 
in the pairs of solvents indicated by the dashed con- 
tecting lines. Uncertainties in determining absorption 


ee 


— McCloskey, and Stuart, Org. Syntheses 25, 80 


*In standard notation, e=(1/Ic) logiolo/I. 
































n—x ELECTRONIC TRANSITIONS 


701 





frequencies from curves in the literature produce an 
estimated average error of 25 percent in the frequency 
shifts; in all cases the frequency shifts are accurate as to 
order of ‘magnitude and sign. For the polar solute 
molecules of Figs. 1-3, the changes in absorption fre- 
quency in passing from the paraffin to alcohol, and from 
alcohol to water, are usually between 200 and 2000 cm—. 
Absorption frequencies of unsaturated hydrocarbons 
with no hetero atoms (7—7 transitions only) are con- 
siderably less affected by polar solvents.° 

Also included in the figures are data for acid solvents. 
The acid is concentrated or dilute aqueous sulfuric acid. 
Acid solvents have been used by Kasha‘ and Burawoy? 
for classifications of electronic spectra. The acid solvent 
frequently, but not always, gives a blue shift relative 
to water solvent for the blue-shifi hands of Figs. 1-2. 
One reason for not including acid solvents in our classi- 
fication of spectra is discussed in Section ITI. 


III. CORRELATION OF BLUE-SHIFT BANDS 
WITH n—= TRANSITIONS 


An n—r electronic transition in a planar conjugated 
molecule represents the excitation of an m (nonbonding) 
electron from a MO or AO (molecular or atomic orbital) 
symmetric to the molecular plane to a MO (molecular 
orbital antisymmetric to the molecular plane). For the 
present discussion, only conjugated atoms need be 
coplanar. The blue-shift bands in Figs. 1-2 have in- 
tensities («~10-1000) which have been used pre- 
viously to identify singlet-singlet n—7 transitions: 
forbidden 'A —'U, e~ 10-100; allowed 'A —'W, e~ 100- 
1000. The investigations of McMurry and Mulliken,'* 
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Fic. 3. The red-shift bands of molecules containing nitrogen, 
oxygen or sulfur hetero atoms. The numbering of compounds in 


this figure is the same as in Figs. 1-2. 


9K. L. Lauer and R. Oda, Ber. 69, 851 (1936). 
10a H. L. McMurry and R. S. Mulliken, Proc. Natl. Acad. Sci. 
U. S. 26, 312 (1940). 
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McMurry,’ Platt,? Kasha,‘ and Halverson and Hirt," 
are the basis for our assertion that all of the blue-shift 
bands in Figs. 1-2 arise from n—7 (singlet-singlet) 
transitions.” An examination of the n—7 spectra of 
about thirty compounds reported in the literature has 
led the present author to the conclusion that all n—7 
transitions give blue-shift bands. As yet, no exception 
to this rule has been found. 

Our qualitative theoretical explanation for the fact 
that n—7 transitions give blue-shift bands is the follow- 
ing. In the ground state of the polar solute molecule, 
the solvent molecules orient themselves around the 
solute molecule so as to bind most strongly with the 
ground-state charge distribution of the solute molecule. 
If the excited state charge distribution of the solute 
molecule is markedly different from the ground-state 
charge distribution, then by the Frank-Condon prin- 
ciple it is plausible to suppose that the polar solvent 
molecules will not have the proper positions and 
orientations to bind most strongly with the excited state 
charge distribution. (In fact the net solute-solvent 
intermolecular force may even be repulsive in the ex- 
cited state.) This condition can give rise to a blue-shift 
band since the solvation energy of the solute molecule 
in the excited state may be less than the solvation 
energy in the ground state (relative to an inert or non- 
polar solvent). Allowed n—7 transitions are weak, and 
symmetry forbidden n—- transitions very weak, be- 
cause the ground and excited state charge distributions 
are markedly different. For an n—z transition, the 
excited state charge distribution has a node through the 
molecular plane whereas (for the compounds of Figs. 
1-2) the ground-state charge distribution has no nodes. 

The above discussion and the fact that all n—-7 tran- 
sitions give blue-shift bands have led us to propose the 
rule: Elecironic transitions in molecules which have low 
intensities because the ground and excited state charge 
distributions do not overlap strongly are likely to give 
blue-shift bands. This rule is clearly based on the ap- 
proximations that (a) the nuclear geometry of the 
solute molecule is not essentially changed in passing 
from one solvent to the next, and (b) solute-solvent 
interactions may be treated by first-order perturbation 
theory. These approximations are probably not valid 
for frequency shifts of the order of 10,000 cm™ or more. 
Frequency shifts of this magnitude are observed for the 
n—n bands of glyoxal (see II and II’ in Fig. 1) and 
chloral in passing from hexane to water solvent; both 
of these molecules are so strongly hydrated in water 


106 H. L. McMurry, J. Chem. Phys. 9, 242 (1941). 
1 F, Halverson and R. C. Hirt, J. Chem. Phys. 19, 711 (1951). 
12 Some of the transitions called singlet-singlet n—x in the 
present paper are regarded as singlet-triplet (w—) by A. Bura- 
woy, Disc. Faraday Soc., No. 9, pp. 70-73 (discussion with M. 
Kasha). Although the evidence favoring the singlet-singlet nx 
assignments is very strong (see references 3, 4, 10a, 10b, 11) the 
ibility that some of these transitions may be singlet-triplet 
not been completely eliminated. 
13S. A. Schou, J. chim. phys. 26, 69 (1929). 


HARDEN McCONNELL . 


that approximations (a) and (b) do not hold." Ap. 
proximation (b) amounts to neglecting the frequency 
shifts commonly attributed to the high frequency re. 
fractive index of the solvent'® and also solute-solvent 
interactions which give rise to visible or near ultraviolet 
intermolecular charge transfer spectra." The possi- 
bility that approximations (a) and (b) may frequently 
break down in acid media is the reason for not including 
acid solvents in our empirical classification of spectra. 

Most of the red-shift bands in Fig. 3 have intensities 
of allowed x— 7 transitions, e~ 10,000. The intensities 
of n—7’s and allowed x—7’s are usually so different 
that there is little difficulty in distinguishing between 
the two. However, the intensities of allowed n—7’s and 
forbidden or weakly allowed x—7’s are sometimes in 
the same range, e~ 200-1000. It is therefore of interest 
to inquire as to whether solvation effects may be used 
to distinguish between the two types of transitions. 
Some weak 2z—7’s do give blue-shift bands. For ex- 
ample, the well known r—7 bands of benzene at 2600A 
(e~ 200) are blue-shift bands.® Therefore our classifica- 
tion is of value only in that (a) a weak (e~ 10-1000) 
blue-shift band may be taken as tentative evidence for 
an u—r transition, and (b) it is exceedingly improbable 
that a weak red-shift band is an n—r. Possibilities (a) 
and (b) are illustrated for the particular cases of 
p-quinone and s-trinitrobenzene. 

The absorption spectrum of s-trinitrobenzene shows 
no absorption maximum or inflection with an extinction 
coefficient between 10 and 100 in heptane, alcohol, or 
water solvent at room temperature. However, the long 
wavelength portion of an absorption shoulder (4000A, 
e~20) undergoes a small blue shift, ~100 cm™, in 
passing from heptane to water solvent whereas at wave- 
lengths less than 3860A the entire spectrum undergoes 
a strong red shift. These data suggest that there may 
be an —r transition in this molecule in the 4000A 
region; if this is the case then the absorption maximum 
for this n—-7 is completely obscured by x—7’s which 
have high intensities at shorter wavelengths. Such 
tentative assignments of n—7’s are of value in that they 
do suggest cases where low temperature measurements 
may be particularly informative.” 

According to the intensity criteria for n—a’s and 
a—n’s, the weak transition in p-quinone at 35,000 cm™ 
(e320) might be a forbidden x—-7 or an n—r. If the 
conclusions of this paper are correct, this transition 
not n—n since the absorption band is a red-shift band. 


4 J. B. Conant and A. H. Blatt, The Chemistry of Organi 
— (MacMillan Company, New York, 1947), pp- 146 
and 247. 

15 N. S. Bayliss, J. Chem. Phys. 18, 292 (1950). 

16 R. S. Mulliken, J. Chem. Phys. 19, 514 (1951). 

17 Another case is phenyl cyanide. For this molecule we have 
found a blue-shift band (loge~0, 33,000 cm-!— inflection) whic 
may be n—-. J. R. Platt, J. Chem. Phys. 19, 101 (1951) has 
already suggested this assignment. Experiments are planned Ww 
will determine whether or not this band comes from the vibt 
tional structure of a neighboring red-shift mx band (e~™ 
37,000 cm) or the presence of impurities. 
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fis. 4. The low intensity absorption bands of NO;-, CO;, CSs", 
and related molecules and ions. 


(See compound I in Fig. 3.) The other weak band of 
pquinone at 23,000 cm™™ is nm—-m and is a blue-shift 
band. (See compound I in Fig. 1.) 


IV. nx TRANSITIONS IN IONS 


According to simple electronic theory, each of the 
ions NO;-, CO;-, and CS; has two outer electron 
shells, one of which contains six z-electrons and the 
other six electrons. Each of these ions exhibits a 
weak absorption band (shoulder for CO;~) with e~ 10- 
100, and a much more intense band (e~ 10*) at shorter 
wavelengths. The similarity between the electronic 
structures and spectra of these ions indicates that these 
spectra may be interpreted in terms of the m and 
dectrons. This section attempts to answer only one 
question: Do the weak bands arise from n—7 or t—>7 
transitions? 

Figure 4 gives the absorption frequencies and in- 
lensities of the weak bands of NO;-, CO;-, and CS;-, 
together with the weak n—>z bands of a number of 
tated molecules and ions.’ Figure 4 provides rather 
strong evidence that the weak bands of these trigonal 
ins arise from m—- transitions. This evidence is: (a) 
All the bands in Fig. 4 have intensities of n—7 transi- 
tions. The intensity criteria given in Section III would 
indicate these transitions to be forbidden or weakly 
allowed n—-2’s. (b) All the molecules and ions in Fig. 4 
show absorption bands whose intensities differ by a 
actor of ten or less. The only symmetry property, or 
approximate symmetry property, common to all the 
molecules and ions in Fig. 4 is o, (reflection in the 
nolecular plane). Only those transitions which are weak 
because of this symmetry property (n—- transitions, 
lot ta transitions) should remain weak and have 
tughly constant intensities for the variety of molecular 
ymmetries and charge distributions evident for the 
molecules in Fig. 4. (The weak bands of benzaldehyde 
and nitrosobenzene have already been classified as 
'z.)° Final confirmation of this n> assignment for 


703 


these weak bands in NO;- and CO;~ may lie in the 
analysis of,the polarization and vibrational structure of 
these bands in ionic‘crystals. 
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Figure 1 


—p-quinone, ICT 86. 

’—Glyoxal, ICT 76. Two n—z bands shown in Fig. 1. 

—Benzophenone,* G. Scheibe, Ber. deut. chem. Ges. 59, 
2619 (1926). 

—Mesityl oxide, FN 2; API 96; ICT 68, 74. 

—Acetaldehyde, FN 13. 

—Acetone, ICT 74, 85; API 96; UP (spectrum in sulfuric 
acid) ; G. Scheibe, Ber. deut. chem. Ges. 59, 2617 (1926). 

—Chloroacetamide, W. Herold, Z. physik. Chem. B18, 265 
(1932). Methanol instead of ethanol solvent. 

—Ethy] acetate, see reference for VII. 

—Acetamide, see reference for VII. Methanol instead of 
ethanol solvent. 


Figure 2 


X  —Nitrosobenzene, UP. Instead of water the solvent isa 1:1 
mixture (by vol.) of ethanol and water. 

XI —Thiobenzophenone,* FN 2. Ether instead of alcohol 
solvent. 

XII —pp’-diethoxythiobenzophenone,* FN 2. 

XIII —o-methoxybenzeneazobenzene, A. Burawoy, J. Chem. 
Soc., 1865 (1937). 

XIV —p-methoxybenzeneazobenzene, FN 2. 

XV —Diazoacetic ester, E. Wolf, Z. physik. Chem. B17, 46 
(1932). 

XVI —Ethyl nitrate, H. v. Halban and J. Eisenbrand, Z. 
physik. Chem. 132, 433 (1928); G. Scheibe, Z. Electro- 
chem. 34, 497 (1928). 

XVII —Pyrazine, FN 11. 


* Molecule not planar so the notation m—>7 has only approxi- 
mate significance. 


Figure 3 


The numbering of compounds is the same in Fig. 3 as in Figs. 1-2. 
References for Figs. 1-2 contain the data used for Fig. 3. 


Figure 4 
Carbonate ion, H. Ley and B. Arends, Z. physik. Chem. B17, 192 
(1932). 
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Bicarbonate ion, see reference for carbonate ion. 

Acetate ion, H. Ley and B. Arends, Z. physik. Chem. B4, 234 
(1929) and ref. to carbonate ion. 

Benzaldehyde, ICT 88. Benzaldehyde is used here so that a direct 
comparison can be made with the isoelectronic nitrosobenzene 
molecule. The n—>z band of acetone at 36,000 cm could be 
used instead of benzaldehyde without essentially modifying the 
relative spacing of the absorption frequencies in Fig. 4. 

Nitrate ion, L. I. Katzin, J. Chem. Phys. 18, 789 (1951). 
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Nitric acid, see reference to nitrate ion. 

Nitromethane, API 104. 

Nitrosobenzene, UP, FN 3. 

Thiocarbonate ion, Halban, Mackert, and Ott, Z. Electrochem. 29, 
445 (1923). 

Bithiocarbonate ion, see reference to thiocarbonate ion. Absorp. 
tion frequency estimated as being half-way between frequencies 
of corresponding bands for thiocarbonate ion and thiocarbonic 
acid. 






















THE JOURNAL OF CHEMICAL PHYSICS 


A Single Crystal Neutron Diffraction Determination of the Hydrogen Position 
in Potassium Bifluoride* 
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Neutron diffraction measurements on KHF; single crystals show that the hydrogen atom occupies the 
central position, within 0.1A, in the linear F—H—F ion. The data also indicate asymmetry in thermal 
motion, which suggests that the bifluoride ion undergoes rotatory oscillation with appreciable amplitude. 
The study demonstrates the usefulness of single crystal neutron diffraction data for crystal structure 


determination. 


INTRODUCTION 


HE question of the nature of the hydrogen bond in 

bifluoride ion has attracted much experimental 
and theoretical treatment. X-ray crystallography has 
shown that the two fluorine atoms in potassium bi- 
fluoride are separated by the short interatomic dis- 
tance of 2.26A. The location of the proton which is 
presumed responsible for the binding, has been the aim 
of several investigations. If the forces in the bifluoride 
ion are chiefly electrostatic, the proton would be ex- 
pected to be centrally situated between the fluorine 
atoms. If exchange forces are important, a potential 
function with a double minimum might be expected 
and the proton probably would be situated at random 
in the two positions close to one or the other fluorine 
atom. Ketelaar! and Glockler and Evans,’ utilizing 
infrared data, came to the conclusion that the double 
minimum model was the correct one; their respective 
calculations led to distances of 0.70A and 0.52A be- 
tween the potential minima. Some doubt was cast upon 
these conclusions by the dielectric constant measure- 
ments of Polder* and the calculations of Davies. More 
recently, in a complete thermodynamic study, Westrum 
and Pitzer® showed that there is no residual entropy at 
absolute zero in the KHF, crystal and no specific heat 


*This work was performed for the AEC at the Oak Ridge 
National Laboratory. 

1J. A. A. Ketelaar, Rec. trav. chim. 60, 523 (1941); J. Chem. 
Phys. 9, 775 (1941). 

2G. Glockler and G. E. Evans, J. Chem. Phys. 10, 607 (1942). 

3D. Polder, Nature 160, 870 (1947). 

4M. Davies, J. Chem. Phys. 15, 739 (1947). 

5 E. F. Westrum, Jr. and K. S. Pitzer, J. Am. Chem. Soc. 71, 
1940 (1949). 
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anomaly above 15°K, strongly supporting the single 
potential minimum. In addition, they suggested a new 
assignment of the infrared frequencies consistent with 
their conclusion. This reinterpretation has been corrob- 
orated by Ketelaar and Vedder,® and by Newman and 
Badger,’ who have recently reported polarized infrared 
studies of KHF»2, a method which allows increased 
certainty in assignment of frequencies. The present 
neutron diffraction investigation was begun before the 
appearance of the three latter papers. Even though the 
works of Westrum and Pitzer seem decisive, it is de- 
sirable to have confirmation of their conclusions by the 
essentially more direct method of a diffraction study. 
The result, which incidentally provides more detailed 
knowledge of the thermal motion of the bifluoride ion 
than was previously available, is presented below. 


PROCEDURE 


X-ray studies*:? indicate that KHF, is tetragonal 
with a)=5.67, co=6.81, of space group D4,'*— J 4/mem, 
with four molecules to the unit, potassium occupying 
the fourfold positions'® (a) and fluorine the eightfold 
positions (z); the one parameter for fluorine was 
evaluated as 0.1408 by Helmholz and Rogers,® giving 
an F—F distance of 2.26A. If the hydrogen is centrally 





























J. A. A. Ketelaar and W. Vedder, J. Chem. Phys. 19, 654 
(1951). , 

7R. Newman and R. M. Badger, J. Chem. Phys. 19, 120) 
(1951). 

®R. M. Bozorth, J. Am. Chem. Soc., 45, 2128 (1923). 99 

*L. Helmholz and M. T. Rogers, J. Am. Chem. Soc. 61, 25 
(1939). 

10 International Tables for the Determination of Crystal Struchures 
(J. W. Edwards, Ann Arbor, Michigan, 1944), revised edition, 
Vol. 1, p. 226. 
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situated in the bifluoride ion, it occupies the fourfold 
positions (d): 020, 300, B. C. If asymmetrically situ- 
ated, it can fit into the x-ray unit only if the orientation 
of the ion is random; with a colinear asymmetric ion, 
for example, 3H would occupy each of the eightfold 
positions (): x, 3+, 0, etc. For a zero value of the 

rameter x, these positions reduce to the central 
positions (d). If the ion is asymmetric and the structure 
ordered, either an enlarged tetragonal unit or a de- 
parture from tetragonal symmetry is required. 

The initial attack by neutron diffraction employed 
the usual powder method, with deuterated material to 
avoid heavy diffuse scattering due to hydrogen. The 
pattern was consistent in all respects with the x-ray 
uit, showing that the hydrogen positions do not call 
for an enlarged unit. An evaluation of the parameter x 
from the powder intensities was next undertaken. Al- 
though a zero value gave the closest approach, fully 
satisfactory agreement between calculated and ob- 
served intensities was not achieved. The difficulty was 
eventually traced to preferential orientation in the 
packed powder samples, with c axes tending to lie 
parallel to the vertical cylindrical axis of the sample 
container; this was clearly demonstrated when, in a 
test measurement, a pattern was obtained with the 
sample tilted at 90° to the normal orientation, and the 
intensity anomalies were reversed. 

An attack by means of single crystal measurements 
was next undertaken. Recent work" has demonstrated 
that single crystal methods are applicable in neutron 
crystallography. The success achieved clearly confirms 
this conclusion and demonstrates that single crystal 
methods have many advantages over powder methods 
in the neutron field as well as in the x-ray field. For this 
reason, the work will be reported in some detail. 

For single crystal measurements a deuterated speci- 
men is not required, because of the greatly enhanced 
ratio of intensity in a Bragg reflection to that in diffuse 
scattering. This arises from the fact that the entire 
‘ingle crystal specimen contributes simultaneously to a 
Bragg reflection. Hence, the ordinary hydrogen com- 
pound was used in the single crystal portion of this 
study. 

Potassium bifluoride was prepared by direct reaction 
in platinum of aqueous KF and HF in equivalent 
quantity. Analysis by alkali titration of several prepara- 
lons, dried to constant weight, showed less than 0.3 
percent impurity. Several samples were deuterated and 
analyzed for deuterium in a manner to be described 
tsewhere!? for use in collecting powder data. Single 
‘ystals of KHF, were grown by slow evaporation of 
aqueous solutions of the pure salt, yielding rectangular 
Platelets up to nearly 2 mm in thickness (perpendicular 


0 (c) and several millimeters on an edge (bisecting (a) 
—e 


5: W. Peterson and H. A. Levy, J. Chem. Phys. 19, 1416 
1951); G. E. Bacon, Proc. Roy. Soc. (London) 209A, 397 (1951). 


ial A. Levy and S. W. Peterson (to be submitted for publica- 










































SINGLE CRYSTAL NEUTRON DIFFRACTION 
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Fic. 1. Typical neutron diffraction reflections from a single 
crystal of KHF». The solid curves (left-hand ordinate scale) are 
traced from strip-chart records of the counting rate. The circled 
points (right-hand ordinate scale) show the observed cumulative 
count. 


and (6)). A specimen approximately 1.4X2.6X3.6 mm 
was selected for study. 

The manner of collection of diffraction data from 
powder samples will be described elsewhere.” For 
single crystal data, the spectrometer was used with 
minimum collimation, the wavelength spread being of 
the order of +1.5 percent at half-maximum intensity, 
and the sensitive angle subtended by the detector 
about 2°. The crystal specimen was mounted on a fine 
glass fiber set on a goniometer head and its orientation 
adjusted until alternately the [110], [010], [120], 
[230], and [001] zone axes were parallel to the spec- 
tometer axis. Measurements were made with the crystal 
and detector rotating synchronously through the Bragg 
angle in the usual way, with a crystal angular speed 
of usually 8° per hour. The diffracted intensity was 
recorded automatically, as with powder samples. 
Simultaneously, the cumulative count across the reflec- 
tion was recorded with a scaler. The integrated intensity 
was taken as the accumulated count during the scan- 
ning, reduced by the background count as measured 
with the crystal out of reflecting orientation. Typical 
data for reflections at different scattering angles are 
shown in Fig. 1. Integrated intensities were easily re- 
producible to a few percent. The wavelength was 1.16A. 


TREATMENT OF DATA 


Observed integrated intensities were corrected for 
absorption with a correction factor calculated as though 
the specimen were cylindrical with a cross section equal 
to its average cross section for the orientation under 
consideration. The linear absorption coefficient was 
measured on a sample of KHF: powder. In the case of 
reflections taken with the [001] zone vertical, which 
brought the maximum dimensions of the specimen into 
the equatorial plane, an extinction correction was neces- 
sary also. Only the strong (310) and (400) planes were 
appreciably affected. The latter was measured also in 
the [010] zone and served to evaluate the extinction 


TABLE I. Observed and calculated neutron structure. 











Factors for KHF>. 
Feale Feale 

hkl | F | obs x=0 x=.02 hkl | F | obs x=0 x=.02 
110 1.16 +0.05 1.16 1.13 332 «-2.7040.11 —2.64 —2.77 
002 1.37 -+0.06 1.30 1.30 215 2.1040.10 2.12 2.15 
200 0.9340.06 -—0.96 —0.92 422 1.45+0.08 —1.49 —1.35 
112 1.59+0.07 -—1.50 —1.52 006 0.53+0.05 0.54 0.54 
211 +3.0840.10 3.06 3.10 116 1.2140.08 —1.19 —1.20 
202 +3.4040.10 —3.43 —3.39 334 0.3840.11 —0.22 —0.32 
220 <0.19 0.10 0.18 206 §=2.3940.10 —2.34 —2.31 
222 = 2.3940.09 —2.35 —2.27 424 0.59+40.12 0.71 0.83 
004 3.49+0.11 3.44 3.44 440 2.5640.10 2.62 2.81 
213 2.6440.09 2.70 2.74 325 . 1.10+0.07  —1.14 —1.20 
114 =1.10+0.07 1.05 1.03 226 «©1.6740.09 —1.67 —1.62 
321 1.60+40.08 —1.65 —1.76 442 0.3540.20 0.52 0.69 
204 0.62+0.08 -—0.59 —0.55 600 1.80 +0.06 1.75 1.94 
400 3.284011 —3.15 —3.01 662 <0.27 0.22 —0.04 
330 0.5340.08 -—0.44 —0.58 046) «6. 3.3240.12 -—3.41 —3.33 
402 5.0440.15 -—5.23 —5.10 008  1.99-+0.09 1.97 1.97 
224 0.154008 0.23 0.30 064 1.48+0.09 1.49 1.64 
323 1.48+40.08 -1.46 —1.55 550 1.21+0.09 1.19 1.01 
420 0.79+0.07 0.73 0.88 








coefficient in the Darwin expression.” Because of un- 
certainties involved in this correction and greater im- 
portance of absorption, data taken with the [001] 
zone vertical were not used for parameter determina- 
tion. 

The tetragonal symmetry of KHF, was confirmed 
by establishing the equality of neutron intensities of 
several pairs of reflections of type (#k0), (kh0) with the 
[001] zone vertical. The possibility of ordered asym- 
metric structures was thus eliminated with reasonable 
certainty. 

Structure factors |F| were obtained from the cor- 
rected integrated intensities E by application of the 
following expression adapted from the standard x-ray 
expression" 





IpN?V |F|? 
E= . 
w  sin26 


I) being the incident intensity, \ the wavelength, w 
the angular velocity of rotation of the crystal, NV the 
number of unit cells per unit volume, V the volume of 
the specimen, and @ the Bragg angle. The value of Io 
was established from similar measurements on a crystal 
of NaCl which had previously been carefully studied 
and shown not to be subject to appreciable extinction." 

Structure factors for models incorporating symmetric 
ions and linear asymmetric ions in disorder were cal- 
culated in the usual way. The nuclear scattering am- 
plitudes were those reported by Shull and Wollan,’® 
namely, fx=0.35, fr=0.55, and fa=—0.40. The 
fluorine parameter value was that established by x-ray 
studies, 0.1408. The calculation was carried out for 
several values of the parameter x governing the degree 
of asymmetry. It was clear that use of a single Debye- 


18 See, for example, R. W. James, The Optical Principles of the 
Diffraction of X-Rays (G. Bell and Sons, Ltd., London, 1948), 
p. 292. 

4 Reference 10, Vol. 2, e 560. 

16C, G. Shull and E. O. Wollan, Phys. Rev. 81, 527 (1951). 


Hughes, Burgy, and Ringo, Phys. Rev. 77, 291 (1950), have 
reported the somewhat smaller value fg=—0.38._This value does 
not affect our conclusions in the current study. 


S. W. PETERSON AND H. A. LEVY 


[230], [120], and [010] zones of the single. crystal 








Waller temperature factor would not bring satisfactory 
agreement with experimental values for any value of + 
Separate temperature factors for K, H, and F were the 
introduced, and systematic variation led to much in. 
proved agreement. Careful examination of the compari. 
son at this stage disclosed that planes with large / index 
were yielding calculated: structure factors consistently 
too large in absolute value, suggesting the need for an 
asymmetric temperature factor. No improvement r. 
sulted from the application of an asymmetric factor to 
K or H; however, the application to F brought about 
final satisfactory agreement. The form of the factor was 


exp[ — Br (sin@/d)?— Br’ (I/2c)"], 


in which By represents the effect of ordinary spherically 
symmetrical temperature motion, and Br’ the effect 
of an asymmetric component in the c direction. This 
temperature factor is similar to that applied to the 
CN group in NH,CN by Lely and Bijvoet.!® Final 
values of the temperature factor coefficients were 
Bx=1.25, Bu=3.0, Br=1.85, and Br’ =1.0. 

Table I lists experimental structure factors for 37 
reflections examined in the equators of the [110], 






















specimen, together with estimated uncertainties in 
these values. Also listed are calculated structure factors 
for the symmetrically placed hydrogen («=0) and for 
the asymmetric random case corresponding to x=0.02. 
The same values of the temperature factors, listed 
above, were used in both calculations. Similar data 
taken in the equator of the [001 ] zone are collected in 
Table II. The symmetric model gives excellent agree- 
ment, while the asymmetric one gives agreement def- 
nitely less than satisfactory. The effect of change of 
temperature factors, particularly By, on the asyn- 






















Fic. 2. A projection 
on the a—b plane of the 
neutron scattering det- 
sity in KHF>. The fig- 
ures indicate the values 
of the function at the 
contours and the e& 
tremes in units of 10° 
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6 J. A. Lely and J. M. Bijvoet, Rec. trav. chem. 63, 39 (1! 
















metric n 
disagree: 
approac! 
example 
and the 
reflectiot 
rapidly ¢ 
asymme 
agreeme 
ture fac 
paramet 
perature 
about 0. 
lence of 
results p 
1et0 poil 
its contr 
ing of tl 
spread i 
reductiol 
cision in 
The (/ 
the neu’ 
shown il 
negative 
peak on 
series ar 
atom, w] 
could pr 
vergence 
illustrati 
in neutrc 
The p 
effects of 
the final 


This ; 
position 
link. Thi 
and Pitz 

The r 
correspo1 
K, 0.22A 


sfactory 
lue of ¢. 
ere then 
uch im. 
ompari- 
> index 
istently 
1 for an 
ent re- 
actor to 
t about 
“tor was 


verically 
e effect 
n. This 

to the 


6 Final 
[Ss were 


» for 37 
[ 110}, 
crystal 

ities in 

- factors 

and for 

r= 0.02. 

, listed 

ar data 

acted in 

t agree- 

nt defi- 

ange of 
asym: 


yrojection 
ane of the 
ring den- 
. The fig- 
he values 
yn at the 

the ex 
s of 10° 

dashed 
nt  2er0 


SINGLE CRYSTAL NEUTRON DIFFRACTION ON KHF;,; 


metric model was carefully studied: the majority of the 
disagreements in column 4 of Table I can be made to 
approach agreement if a smaller value of By is used, for 
eample, (222) and (400); however, the disagreement 
of (321), (213), and (325) is left essentially unchanged 
and the good agreement of a large number of other 
reflections, for example (226), (006), and (008), is 
rapidly destroyed by this change. We conclude that the 
asymmetric random model with x=0.02 cannot give 
agreement with the data for any values of the tempera- 
ture factor coefficients. Careful study of intermediate 
parameter values, with similar consideration of tem- 
perature factor changes, places the upper limit of x at 
about 0.01. This modest precision, in view of the excel- 
lence of the agreement, is somewhat disappointing. It 
results primarily from the rather large temperature and 
zero point motion of the hydrogen atom, which reduces 
its contribution to the high angle reflections. Broaden- 
ing of these high angle reflections due to wavelength 
spread in the primary neutron beam, with attendant 
reduction of peak to background ratio and loss of pre- 
cision in intensity measurement, also contributes. 

The (4k0) data were used to construct a projection of 
the neutron scattering density on the a—b plane, 
shown in Fig. 2. The hydrogen atom, because of its 
negative amplitude, appears as a well rather than a 
peak on the map. Effects of termination of the Fourier 
series are apparent, particularly around the potassium 
atom, which has the smallest temperature factor; these 
could probably be reduced by application of a con- 
vergence factor to the data. The map is presented as an 
illustration of the possibility of applying series methods 
inneutron diffraction crystal analysis. 

The powder data from KDF», after allowance for 
elects of preferred orientation, are fully consistent with 
the final model. 


DISCUSSION 


This investigation has shown that the hydrogen 
position is within 0.1A of the center of the F—H—F 
lnk. This may be taken as confirmation of Westrum 
and Pitzer’s result that the bifluoride ion is symmetric. 

The root-mean-square displacements of the atoms 
corresponding to the temperature factors found are for 
K, 0.22A; for H, 0.34A; and for F, 0.29A. It seems 


TABLE II. Neutron diffraction data for equatorial 
reflections in the [001] zone of KHF». 








Intensity, counts/128 
hkO Obs. Corrected* 


310 70.2 
400 34.0 
510 17.6 
530 4.0 
620 0.3 
710 <0.5 
640 3.7 
730 23.8 


Feale (x =0) 


4.64 
—3.15 
2.50 
1.03 
0.04 
0.01 
—0.72 
2.90 


Fobs 


4.62+0.20 
3.28+0.15 
2.52+0.12 
1.16+0.10 
0.3 +0.20 
<0.4 
1.14+0.10 
2.87+0.30 











_* Corrected for absorption and, in the case of (310) and (400), for ex- 
tinction. The latter, together with the appropriate value from Table I, 
was used to establish the magnitude of the extinction correction. 


appropriate to interpret the asymmetry of the fluorine 
displacement in terms of components, perpendicular 
to and along the axis of the bifluoride ion. If it is as- 
sumed that displacements perpendicular to the ion 
axis have cylindrical symmetry, the data yield 0.10A 
and 0.27A, respectively, for the mean displacements 
parallel and in the perpendicular plane. The perpendicu- 
lar displacement suggests a rotatory oscillation of the 
bifluoride ion with a mean half-amplitude ‘of some 14°. 
The relatively high displacement for hydrogen is not 
unusual; it probably represents mostly zero-point 
motion. The absence of appreciable asymmetry for 
hydrogen is consistent with recent assignments of 
spectroscopic frequencies which make the bending 
and asymmetric stretching frequencies not greatly 
different.®. 

The excellence of the agreement confirms previous 
reports" that single crystal neutron data are useful in 
favorable cases for structure determination. The ab- 
sence of extinction in nearly all the measurements is 
consistent with Bacon and Lowde’s" criterion; a rough 
application of their theory to the strong (211) reflection, 
assuming the low value of 5 minutes for the mosaic 
spread parameter, yields a limiting thickness of 2.1 mm, 
not greatly different from the smaller dimensions of our 
specimen. In the case of reflections measured in the 
equator of [001], where extinction appeared appreci- 
able, the cross section of the specimen was 2.6X 3.6 mm, 
which might well exceed the limiting value. 


17 G, E. Bacon and R. D. Lowde, Acta Cryst. 1, 303 (1948). 
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Effects produced on the host crystal luminescence 


temperature without any additives in the preparation, are compared with effects produced by adding halide 


in the preparation at a fixed temperature. 


Both methods of altering the luminescence properties of the phosphors produce qualitatively the same 
results on (1) intensification of the host crystal emission for excitation by 3650A ultraviolet and by 6 kv 
cathode rays, and for phosphors of both cubic and hexagonal crystal! structure, (2) glow curves after excita- 


tion by 3650A ultraviolet, (3) diffuse reflectivity for 


(4) the variation of the emission intensity during excitation as a function of operating temperature. 

Data on the variations, with preparation procedure, of the emission intensity during excitation and of the 
glow intensity during thermostimulation show that a possible correlation exists between shallow traps and 
isolated omission defects, and between deep traps and pairs of omission defects; and that a correlation is 
suggested between luminescence centers and particular perturbed (SZn,) groups in the crystal. 

At least a part of the intensification caused by adding halide in the preparation must be attributed to a 


classical “flux” action. 


The Host Crystal Luminescence of Zinc Sulfide Phosphors 
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of zinc sulfide phosphors by increasing the preparation 








light in the wavelength range from 3400 to 4200A, and 

















INTRODUCTION 


UMINESCENCE centers and trapping centers in 
zinc sulfide phosphor, prepared without added 
impurity, are caused by defects in the crystal structure. 
Considerable study has been concentrated on determin- 
ing the nature of these defects and the various methods 
by which they may be formed. 

An increase in the emission intensity during excita- 
tion and an increase in the glow intensity during thermo- 
stimulation may be caused (1) by increasing the tem- 
perature at which the phosphor is heated in preparation! 
without any additives, at least in the range 950° to 
1350°C, (2) by the addition of a halide in the prepara- 
tion without altering the preparation temperature,” 
and (3) by the addition of a trivalent cation in the 
preparation without altering the preparation tempera- 
ture.’ It is possible to consider all of these methods as 
increasing the number of defects responsible for lumi- 
nescence centers and trapping centers. 

Several hypotheses concerning the identity of the 
defects have been advanced. 

(1) Schleede’s proposal that the blue emission of 
“pure” ZnS is caused by the simultaneous presence of 
the cubic and hexagonal crystal forms was one of the 
earliest. Later results! showing that the emission in- 


tensity increases with preparation temperature for. 


temperatures from 1100° to 1350°C, these being above 
the transition temperature from cubic to hexagonal, 
have eliminated the acceptability of this proposal. 

(2) The analogy between ZnS and ZnO later led 
Schleede and many others*" to propose that the 


1R. H. Bube, Phys. Rev. 80, 655 (1950). 


2 W. P. Jorissen and W. E. Ringer, Chem. Zentralblatt. 1, 644 10 N. Riehl and G. Ortmann, Z. physik. Chem. 188, 109 (1941). 


(1906). 

3 MacDougall, Stewart, and Wright, Chem. Soc. (London) J., 
Trans. 111, 663 (1917). 

4F. A. Kroeger and J. Dikhoff, Physica 16, 297 (1950). 

5 A. Schleede, Angew. Chem. 48, 277 (1935). 

6 B. Gudden, Ergeb. Exakt. Naturw. 13, 223 (1934). 

7C. Wagner, Z. physik. Chem. 22, 181 (1933). 








blue-emitting centers in ZnS phosphor were associated 
with neutral interstitial zinc atoms. It was known that 
the best ZnO phosphors were made by preparation in 
H2, and it was assumed that some of the zinc was re- 
duced to the free atoms. An additional argument for 
zinc as the activating defect was the finding of a nega- 
tive Hall coefficient for ZnO by Fritsch.” Garlick, 
Wells, and Wilkins” proposed that both luminescence 
centers and traps in ZnS phosphor are probably due toa 
stoichiometric excess of zinc. 

Thomsen,!* however, has reported that all efficient 
ZnO phosphors give a test for sulfide, that an efficient 
ZnO phosphor can be prepared by neating ZnS in air, 
and that nonluminescent ZnO can be made luminescent 
by heating with sulfide. Thomsen suggested, therefore, 
that the luminescence center in ZnO is associated with 
sulfide ion. He attributed the success of the method of 
making efficient ZnO phosphor by heating in H, toa 
reduction of a small amount of sulfate in the original 
ZnO material, to sulfide in the final phosphor. 

Riehl and Ortman" reported failure in an attempt to 
prove that free zinc atoms were the luminescence cen- 
ters by diffusing zinc atoms into ZnS. 

The gradual shift of the emission band to longer 
wavelengths in the system (Zn:Cd)S as the proportion 
of CdS is increased, has led Leverenz'® to propose that 
neither interstitial zinc in ZnS nor interstitial cadmium 
in CdS are intimately associated with the luminescence 
center, but that the luminescence center in this family 
is associated with the sulfide. 

8 W. Schottky and C. Wagner, Z. physik. Chem. 11, 163 (1931). 


°F. Seitz, Trans. Faraday Soc. 35, 74 (1939); J. Chem. Phys 
6, 454 (1938). 






















1Q. Fritsch, Ann. Physik 22, 374 (1935). 

2 Garlick, Wells, and Wilkins, J. Chem. Phys. 17, 399 (1949). 

13S$. M. Thomsen, J. Chem. Phys. 18, 770 (1950). __ 

“4 N. Riehl and G: Ortmann, Doklady Akad. Sci. USSR 66. 
613 (1949). , 

16H. W. Leverenz, Introduction to Luminescence of Solits 
(John Wiley and Sons, Inc., New York, 1950), p. 197. 
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ZnS PHOSPHORS 


(3) Both the assumption that the blue-emitting 
center is associated’ with the simultaneous presence of 
cubic and hexagonal crystal forms, and the assumption 
that the center is associated with interstitial zinc, fail 
to give an explanation of the long-known increase in 
emission intensity caused by the addition of a halide 
in the preparation. It was originally believed that the 
action of the halide was principally that of a flux, that 
it “provided (1) a fluid phase for solvation and trans- 
port of ingredients, and (2) increased surface reactivity 
lowered activation energy) and atomic mobility to 
facilitate crystal growth,’’!® and that the halide could 
be completely washed out after the phosphor was made. 
In recent years, this point of view has been somewhat 
altered. Smith!” suggested that the halide acted not 
oly to increase crystal size, but that it was also in- 
corporated into the crystal in such a way as to cause 
crystal defects. Strange’® and Rothschild’® also attrib- 
uted an intimate role to incorporated chloride ions. 
Kroeger and Hellingman”® have reported that the emis- 
sion intensity is roughly proportional to the proportion 
of chloride incorporated. It has been shown?!—* that 
whether luminescence centers associated with copper in 
ZnS:Cu phosphors are green-emitting or blue-emitting 
depends on the relative proportion of incorporated 
copper and chloride for all but very low copper propor- 
tions. Kroeger and his associates have developed an 
hypothesis from originally considering the luminescence 
centers in ZnS phosphor to be neighboring Znt and CI, 
toa broader view based on the principle of charge and 
volume compensation‘ in which Zn* is considered as an 
essential element of the luminescence center, the forma- 
tion of Zn* being allowed by the incorporation of singly 
charged anions, such as the halides, or by triply charged 
cations, such as aluminum. 

The present investigation has for its principal pur- 
pose a comparison of two methods of increasing the 
blue emission intensity of ZnS phosphor: (1) by in- 
creasing the preparation temperature without any addi- 
tives in the preparation, and (2) by adding halide in the 
preparation at a fixed temperature. 

In the interpretation of the results, further use is 
made of a hypothesis introduced in a previous publica- 
tion:! luminescence phenomena caused by impurities in 
interstitial positions will be different when observed in 
cubic and hexagonal ZnS phosphors, whereas lumines- 
cence phenomena caused by impurities in substitutional 
Positions will be identical or practically identical 


Reference 15, p. 78. 

"A. L. Smith, J. Electrochem. Soc. 96, 75 (1949). 

re | . W. Strange, Proc. Phys. Soc. (London) 55, 364 (1943). 

: S. Rothschild, Trans. Faraday Soc. 42, 635 (1946). 

“F. A. Kroeger and J. E. Hellingman, J. Electrochem. Soc. 93, 
136 (1948) ; 95, 68 (1949). 

3 Kroeger, Hellingman, and Smit, Physica 15, 990 (1949). 
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whether observed in cubic or hexagonal ZnS phosphors.” 
This hypothesis is supported in the only case where 
definite evidence is known concerning the location of an 
impurity in ZnS phosphors. It is known that Mn is 
located in substitutional sites”®.** in ZnS: Mn phosphors, 
and it is found that there is no difference in the emis- 
sion spectra between cubic and hexagonal phosphors.’ 

The application of this hypothesis in the past work 
with ZnS:Cu phosphors! led to the deduction that 
traps were associated with omission defects. This de- 
duction is supported by further evidence in the present 
paper. 

The answers to two questions are sought: (1) Are the 
two methods of increasing the blue emission intensity— 
by increasing the preparation temperature without any 
additives in the preparation, and by adding halide in the 
preparation at a fixed temperature—basically equiva- 
lent? (2) Is there a relation between the emission in- 
tensity during excitation and the glow intensity during 
thermostimulation, as both of these are varied by the 
preparation procedure? 


EXPERIMENTAL 
Preparation of Materials 


All of the phosphors used in the present investigation 
were prepared from the same lot of purified ZnS 
(RCA 33Z19). Spectrographic analysis** of this ma- 
terial showed traces of calcium and manganese, and 
<0.00001 percent copper, which did not affect the 
luminescence properties of the finished phosphors. 
Table I presents a summary of the materials prepared, 
together with quantitative data on emission intensity 
and glow intensity for 3650A ultraviolet and cathode- 
ray excitation, as is discussed later. X-ray analysis of 
the phosphors showed that phosphors prepared below 
1050°C were cubic, that prepared at 1050°C was 98 
percent cubic and 2 percent hexagonal, that prepared at 
1100°C was 95 percent cubic and 5 percent hexagonal, 
and those prepared above 1100°C were hexagonal.?® 

For preparations without added halide, 30 grams of 
ZnS were placed directly into a 30 ml Vycor crucible. 
In the cases where halide was added in the preparation, 
a triple-distilled-water solution of the halide was added 
to a slurry of 30 grams of ZnS. After thorough mixing 
and drying, the material was placed into a 30 ml Vycor 
crucible. The crucible had a ground rim and was covered 
with a tight-fitting ground silica lid. The crucible was 
placed into a hot furnace at the desired temperature, 
was allowed to remain in the furnace for 10 min, and 
was then immediately removed. Only the core of each 
batch was used. 


*4 This is because interstitial positions are different in cubic and 
hexagonal phosphors, but substitutional positions are identical 
out to third nearest neighbors. 

°° F. A. Kroeger, Z. Krist. 100, 543 (1939). 

6 Jenkins, McKeag, and Rooksby, Nature 143, 978 (1939). 

27 Reference 15, p. 217. 

28 Spectrographic analysis by S. Larach. 

*9 X-ray analysis by I. J. Hegyi. 
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Fic. 1. Spectral emission curves for 3650A ultraviolet and 6 kv, 
1 pa/cm? cathode-ray excitation. (a) and (b) Phosphors prepared 
without any additives in the preparation—(1) 1350°C, (2) 
1250°C, (3) 1150°C, (4) 1100°C, (5) 1050°C. (c) and (d) Phos- 
phors prepared at 1050°C with (1) 1.0 percent NaCl, (2) 0.1 per- 
cent NaCl, (3) 0.03 percent NaCl, ( 0.01 percent NaCl, (5) 
0.003 percent NaCl. (e) and (f) Phosphors prepared with different 
halides at 1050°C—(1) 1.0 percent NaCl, (2) 1.0 percent NaBr, 
(3) 1.0 percent NaI, (4) 1.0 percent KCl. 


Measurements 


Luminescence emission spectra and peak emission 
intensities were measured with a recording spectro- 
radiometer.*® Excitation was by 3650A ultraviolet 
(hereafter designated UV) from a 100-watt C-H4 
mercury projector spot lamp with appropriate filters, 
or by 6 kv, 1 wa/cm? cathode rays (hereafter desig- 
nated CR). 
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Measurements involving temperature variation were 
made with the specially insulated apparatus which was 
used in previous studies.'! The emission was detected by 
a 1P21 multiplier phototube attached to a sensitive 
microammeter (10-* amp full scale). A Wratten 47 filter 
was placed between the phosphor and the phototube. 
Glow curves were obtained with a heating rate of 
0.12°/sec. 

Measurements of diffuse reflectivity were made with 
the assistance of R. E. Shrader, using a photographic 
method and a grating spectrograph of his own design 
and construction. Near normal reflection from an 
effectively infinitely thick sample was observed for the 
sample under excitation through a large solid angle. 
Data is taken from densimetric measurements of the 
photographic record. 






RESULTS 
Emission Spectra 









All of the phosphors prepared in this study show only 
the normal blue luminescence emission of the ZnS 
phosphor. The peak of this emission is located at about 
4500A for the hexagonal phosphors, and at about 4700A 
for the cubic phosphors. 

Figure 1 shows some typical emission spectra during 
UV and CR excitation. The curves show that the effect 
of increasing preparation temperature without any 
additives, and the effect of adding halide in the prepara- 
tion at a fixed temperature, is to increase the intensity 
of the emission without changing its spectral distribu- 
tion. These are cases, therefore, of true luminescence 
intensification, i.e., the number or efficiency of host 
crystal luminescence centers is increased. Similar effects 
are obtained regardless of the halide used. 

The curves of Figs. 1(a) and 1(b) also indicate that 
the shift of the peak of the emission band between cubic 
and hexagonal phosphors could be explained as a varia- 
tion in the prominence of two emission bands, both of 
which are present in both cubic and hexagonal phos- 
phors. This suggestion was previously made by Shrader 
as the result of measurements on the variation with 
operating temperature of the emission spectrum of 4 
hexagonal ZnS phosphor;*! it was found that the peak 
of the emission had shifted to about 4700A at a ten 
perature of 152°C. If the same two bands are present 
in both cubic and hexagonal phosphors, it is possible 
for the luminescence center to be associated with 
substitutional defect. It need not, therefore, necessarily 
be concluded, in accordance with the hypothesis cortt- 
lating different luminescence phenomena in cubic and 
hexagonal phosphors with interstitial imperfections 
that the difference in peak wavelength between cubic 
and hexagonal phosphor emission means that the 
center is associated with an interstitial defect. 

























st R. E. Shrader (private communication) ; data given in H. W. 
Leverenz, reference 15, p. 188. 
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Fic. 4. Glow curves for the series of phosphors prepared at 
increasing temperatures without any additives in the preparation. 
UV excitation. 


the proportion of chloride added in the preparation. 
Whereas the incorporation of Cu greatly increases the 
proportion of chloride incorporated,”* the incorpora- 
tion of Ag or Mn has no effect on the proportion of 
chloride incorporated. 

The analysis for incorporated chloride in the phos- 


phors involved in the present study is difficult because 
of the small proportions of chloride present. Table [J 
presents a summary of such analyses for representative 
members of the series studied. The minimum proportion 
of incorporated chloride which could be meaningfully 
detected is about 50 mole ppm.” 

The ZnS material which was used to prepare all the 
phosphors was found to contain an appreciable propor- 
tion of chloride, probably in the form of zinc chloride, 
but only a minor fraction, if any, of this chloride was 
incorporated in the final phosphors for preparation 
temperatures greater than 1000°C. The data obtained 
show that the proportion of incorporated chloride does 
increase with the proportion added in the preparation, 
but that (1) the amount incorporated is not proportional 
to the amount added, but reaches a maximum value of 
about 150 to 200 mole ppm, and (2) the amount in- 
corporated is not proportional to the peak intensity of 
the phosphor. These facts are especially noticeable for 
the phosphor prepared at 900°C, where a 10 percent 
increase in incorporated chloride is found for an increase 
from 0.1 percent to 1.0 added NH,Cl, and for which the 
peak intensity increases by a factor of about 40 for UV 
excitation and about 12 for CR excitation. 


Glow Curves 


Glow curves after excitation at —150°C by 3650A 
ultraviolet are shown in Figs. 4-8. The heating for the 
glow curve measurement was started at the same time 
as the cessation of excitation, in order to detect the 
presence of traps with glow peak very close to the ten- 
perature at which the phosphor was excited. The heat- 
ing rate was linear throughout. 

Figure 4 presents the glow curves for the phosphor 
series prepared at increasing temperatures without any 
additives in the preparation. The curves may be cor- 
veniently separated into a low temperature glow peak 
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at —110°C, caused by shallow traps, and a high tem- 
perature glow peak at about — 20°C, caused by deep 
traps. Closer inspection of the glow curves shows that 
the low temperature glow peak has a component with 
glow peak at about — 75°C. It may be noted from Fig- 
ure 4 that there is no indication of a sudden change in 
the glow curves at the crystal transition from cubic to 
hexagonal. The deep traps are found in both cubic and 
hexagonal phosphors, although the glow peak corre- 
sponding to the deep traps is resolved only in the 
hexagonal phosphors. 

Because of the difficulty of separation, the glow peaks 
at —110° and at —75°C are considered together as a 
unit in the measurements of glow curve areas given in 
Table I. 

Figure 8 shows that the glow curves obtained for the 
addition of different halides in the preparation are 
closely similar. It is established that the phenomenon of 
intensification depends comparatively little on the 
choice of halide. 


Emission Intensity vs Operating Temperature 


Figure 9 shows the dependence of emission intensity 
for UV excitation, on the operating temperature for 
several representative phosphors of the present study. 
All of the curves for phosphors without added halide 
show two peaks, one at about — 20°C and the other at 
about 30°C, but only one peak is found when halide is 
added in the preparation. 


Absorption Spectra 


Measurements of diffuse reflectivity at room tem- 
perature were used to obtain a measure of the absorp- 
tion of the phosphors of the present study over the 
wavelength range from 3400 to 4200A. The curves of 
absorption in Figure 10 are determined by simply 
subtracting the percent reflection from 100 percent, 
and therefore absolute values of absorption are not 
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Fic. 6. Glow curves for the series of phosphors prepared at 
1050°C with increasing proportions of NaCl added in the prepara- 
tion. UV excitation. 


quantitatively determinable. The curves of Fig. 10 
show that absorption over the whole range is (1) de- 
creased in cubic phosphors by increasing the preparation 
temperature without any additives in the preparation, 
or by adding halide in the preparation at a fixed tem- 
perature, and (2) not affected in hexagonal phosphors 
either by increasing the preparation temperature or 
by adding halide in the preparation. 

That the measured changes in reflectivity are not 
caused by a simple change in particle size with prepara- 
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Fic. 8. Glow curves for the series of phosphors prepared at 
1050°C with 1.0 percent of different halides added in the prepara- 
tion. UV excitation. 


tion procedure may be seen from Table III. The average 
particle sizes given for a number of representative 
phosphors were obtained by microscopic examination 
with a magnification of 675X. For the phosphor series 
prepared at increasing temperatures, a decrease in 
reflectivity would be expected as the result of increasing 
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‘Fic. 9. Variation of emission intensity during UV excitation 
with operating temperature for phosphors prepared at 900°C, 
1050°, and 1200°C without any and with 1.0 percent chloride 
added in the preparation. 
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particle size; actually an increase in reflectivity js 
found. 

A portion of the intensification effect observed in 
cubic phosphors may possibly be associated with a 
reduction in absorption for the wavelength region of the 
luminescence emission. The effect, if present, is con- 
cluded to be a minor one, however, for the following 
reasons: (1) the greatest average absorption found in 
any of the phosphors in the region of the emission is less 
than 40 percent ; (2) small factors of decrease in absorp. 
tion in the range of low absorption where such factors 
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Fic. 10. Curves of absorption, as determined from measute- 
ments of diffuse reflectivity. (a) Phosphors prepared at increasing 
preparation temperatures without any additives in the prepata- 
tion—(1) 900°C, (2) 950° and 1000°C, (3) 1050°C, (4) 1100°C, (5) 
1150°C, 1200°, 1250°, 1300°, 1350°C. (b) Phosphors prepared at 
900°C with increasing proportions of NH,Cl—(1) None, (2) 0.01 
percent, (3) 0.1 percent, (4) 1.0 percent. (c) Phosphors prepared 
at 1050°C with increasing proportions of NaCl—(1) None, 0.000 
percent, 0.001 percent, (2) 0.003 percent, (3) 0.01 percent, (4) 
0.03 percent, (5) 0.1 percent, (6) 1.0 percent; also for 1.0 percent 
NaBr, Nal, and KCl. (d) Phosphors prepared at 1200°C with 
increasing proportions of NH,yCl—(1) 0.01 percent, (2) 0.1 percent, 
(3) 1.0 percent. 


are valid, are accompanied by much larger factors 0 
increase of emission intensity; (3) intensification for 
UV excitation occurs in hexagonal phosphors without 
any change of absorption, and (4) using preparations 
in H.S and HCl, Kroeger and Hellingman?’ have te 
ported intensification to be accompanied by an actual 
increase in absorption in the region 3500 to 4000A. 
For these reasons, and from the fact that intensifice 
tion increases as the absorption of 3650A UV decreases, 
it is believed that variations in absorption are a secont- 
ary effect for the phosphors of the present study, and 
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are only indirectly connected with variations in 
luminescence. 


DISCUSSION OF RESULTS 
Comparison of Methods of Intensification 


Luminescence effects caused by increasing the prepa- 
ration temperature without any additives in the prepa- 
ration, and luminescence effects caused by adding 
halide in the preparation at a fixed temperature, are 
found to be qualitatively the same. Both methods pro- 
duce (1) true intensification, i.e., an increase in the 
intensity of the blue emission band of ZnS phosphor 
without a change in the spectral distribution; (2) 
intensification for both UV and CR excitation in cubic 
phosphors, but intensification only for UV excitation in 
hexagonal phosphors; (3) an increase in the total glow 
intensity after UV excitation, and the same relative 
variation of individual glow peaks with intensification ; 
(4) a decrease in absorption for light in the wavelength 
range from 3400 to 4200A; (5) a smoothing of the curve 
of UV-excited emission intensity during excitation as a 


TABLE III. Particle sizes for representative phosphors. 








Average particle size 


Phosphor (microns) 


ZnS, 900°C 
ZnS, 1050°C 
ZnS, 1150°C 
ZnS, 1250°C 
ZnS, 1350°C 


ZnS, [NH.Cl(1)], 900°C 
ZnS, [NaCl(1) ], 1050°C 
ZnS, [NH,Cl(i)], 1250°C 





1 
5 
7 
19 
34 
7 
6 
5 








function of operating temperature. It appears, then, 
that the mechanism of intensification involved in the 
two processes is essentially the same. 

The principal quantitative differences between the 
two methods of producing intensification can be ob- 
tained from Table I. The addition of halide in the prepa- 
ration at a fixed temperature is much more efficient in 
increasing the peak intensity than is increasing the 
preparation temperature without any additives in the 
preparation, but the glow intensity during thermo- 
stimulation is increased somewhat more by increasing 
the preparation temperature than by adding halide in 
the preparation. The glow intensity is primarily limited 
by the temperature of preparation, but may be in- 
creased to some extent by the addition of halide in the 
preparation. 

_ If the luminescence centers and the trapping centers 
in ZnS phosphor are the result of crystal defects, it is 
natural to look for a dependence of emission and glow 
intensity on preparation temperature in the usual 
€xponential relation, involving an activation energy for 
defect formation. Figure 11 is a plot of the log of the 
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Fic. 11. The variation of low and high temperature glow peak 
areas and of blue emission intensity during UV excitation, as a 
function of preparation temperature for the series of phosphors 
prepared at increasing temperatures without any additives in the 
preparation. 


and the log of the blue emission intensity as a function 
of the reciprocal of the preparation temperature for UV 
excitation for the phosphors prepared without halide. 
Table IV presents a summary of the activation energy 
values obtained from the curves of Fig. 11. Different 
activation energies are found for the cubic and hexag- 
onal phosphors. This difference may be caused to some 
extent by the change of absorption with increasing 
preparation temperature for the cubic phosphors, but it 
is interesting to note that the ratio of activation ener- 
gies for the shallow traps in the cubic and hexagonal 
phosphors is the same as the ratio for the deep traps in 
the two crystal forms. It is also found that the ratio of 
activation energy for defect formation to the average 


TABLE IV. Activation energies for defect formation. 
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trap depth corresponding to the defect, is a constant for 
shallow and deep traps. Finally, it is found that the 
activation energies for defect formation corresponding 
to luminescence centers are the same in both cubic 
and hexagonal phosphors as the activation energies for 
shallow trap defect formation. 

The variation of blue emission intensity with the 
number of shallow traps and with the number of deep 
traps is shown in Fig. 12 for the series prepared at 
increasing temperatures and for the series prepared with 
NaCl at 1050°C. For the phosphors prepared without 
halide, the emission intensity is proportional to the 
number of shallow traps and proportional to the square 
root of the number of deep traps. For the phosphors 
prepared with NaCl, the emission intensity is found to 
be proportional to the square of the number of shallow 
traps and directly proportional to the number of deep 
traps. The variation of emission intensity with number 
of shallow and deep traps is approximately the same for 
the two short series with added NH,C1 as for the series 
with added NaCl. 

It may be concluded, then, that intensification (at 
least for UV excitation) by increasing the preparation 
temperature without any additives in the preparation 
involves a process wherein luminescence centers and 
shallow traps are formed simultaneously, and that in- 
tensification by adding halide in the preparation at a 


fixed temperature involves a process wherein lumines- 
cence centers and deep traps are formed simultaneously. 


RICHARD H. 


BUBE 


Trapping Centers 


The continuous variation of glow curve form shown 
in Fig. 4 for the transition from cubic to hexagonal 
crystal form supports the previously suggested hy. 
pothesis! identifying trapping centers in ZnS phosphors 
with omission defects. At least it may be concluded 
that trapping centers are located at substitutional sites, 
and the relations of Fig. 11 indicate that the formation 
of traps is associated with the formation of omission 
defects by thermally induced disorder in the preparation. 

Although it is found that the dependence between 
blue emission intensity and number of shallow or deep 
traps is different depending on whether intensification 
is achieved by adding halide in the preparation or 
increasing the preparation temperature without any 
additives, the same relation is always found between the 
number of shallow and deep traps. The number of deep 
traps is proportional to the square of the number of 
shallow traps. 

The variation of the number of pairs of defects with 
the number of isolated defects in ZnS, assuming a 
random distribution of defects, has been calculated 
It is found that the number of pairs of omission defects 
in ZnS is proportional to the square of the number of 
isolated defects. Figure 13 presents a plot of the nun- 
ber of pairs of omission defects per lattice site in ZnS 
as a function of the number of isolated omission de- 
fects per lattice site. The same relation results regardless 
of whether two like omission defects make up the pair, 
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Fic. 12. The variation of 
peak emission ‘intensity for 
UV excitation as a function 
of low and high temperature 
glow peak areas, for the 
series of phosphors pre 
pared at increasing tem- 
peratures without any addi- 
tives in the preparation 
(curves 1 and 2), and for 
the series of phosphors pre- 
pared at 1050°C with in- 
creasing proportion of NaC! 
added in the preparation, 
(curves 3 and 4). 
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% The particle size of the phosphors, as given in Table III, is found to vary exponentially with the reciprocal of the preparation 
temperature. If an activation energy, related to the activation energy for diffusion, is calculated from this relation, a — 
1.3 ev is obtained. This value is reasonable for the diffusion activation energy, and is also very close to the activation energy 1% 


shallow trap and luminescence center formation. 
* Reference 15, p. 478. 
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or whether two unlike omission defects constitute the 
ir. 

. relation is suggested, therefore, between isolated 
omission defects and shallow traps, and between pairs 
of omission defects and deep traps in these ZnS phos- 
phors. A difference is found, however, between the ratio 
of theoretically expected number of pairs of emission 
defects to number of isolated omission defects, and the 
ratio of deep to shallow traps found for some of the 
phosphors, especially those prepared at high tempera- 
tures. Additional assumptions about the processes of 
rap filling and emptying as a function of trap depth, or 
about the formation of defects, would be required to 
allow the conclusion that isolated omission defects and 
pairs of omission defects are associated with the shallow 
and deep traps found in the phosphors of the present 
study. 

A detailed study of the variation of the glow curves 
of ZnS:Cu phosphors as a function of incorporated 
copper proportion has previously! also led to the 
hypothesis that the deepest traps of ZnS phosphor (with 
slow peak at about — 20°C) are associated with pairs of 
neighboring omission defects. 

















Luminescence Centers 






A consideration of the evidence concerning the blue 
luminescence emission of zinc sulfide phosphors leads to 
the conclusion that the luminescence centers are prob- 
ably associated with particular (SZn4) groups in the 
crystal which are perturbed by nearby crystal defects. 
(1) The present study and the previous results of 
Shrader*! indicate that the same two emission bands are 
present in both cubic and hexagonal phosphors, and 
that therefore the luminescence centers are located at 
substitutional sites. (2) The observation of Leverenz!® 
on the system (Zn: Cd)S indicates that the luminescence 
centers are not associated with the zinc or the cadmium 
as the central element, but with the common ion, the 
sulfide. (3) Measurements of the spectra distribution of 
the luminescence emission in the Zn(S:Se) system* 
indicate that two bands are clearly discernible for 
proportions of ZnSe in ZnS of less than 20 percent, such 
as would be expected if perturbed (SZn,) groups were 
the centers in ZnS and perturbed (SeZn,4) groups were 
the centers in ZnSe. 

The spectral distribution of the luminescence emis- 
sion in the (Zn:Cd)(S:Se) system is also partially 
determined by the lattice spacing of the particular com- 
position.3* In every possible substitution, the replace- 
ment of either cation or anion by an ion of larger ionic 
radius results in a luminescence emission with peak at 
a longer wavelength. This effect can be interpreted as a 
decrease in the width of the forbidden energy band with 
Increasing lattice spacing. 

—— 

Reference 15, p. 200. 

The author is indebted to Dr. A. L. Smith for calling to his 
attention this general variation of peak emission wavelength with 
ttice spacing. 
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Fic. 13. The theoretical variation of the number of pairs of 
omission defects per lattice site with the number of isolated omis- 
sion defects per lattice site. (1) Unlike omission defects make up 
the pair. (2) Like omission defects make up the pair. 


Although there appears to be a relation between the 
variation with intensification procedure of blue emis- 
sion intensity during excitation and the number of 
traps, it does not appear that the perturbing defects 
responsible for luminescence centers can be directly 
identified as the omission defects which are responsible 
for traps. (1) Phosphors with 1.0 percent chloride added 
in the preparation at 900° and 1050°C have a much 
more intense emission during excitation than the phos- 
phor prepared at 1350°C without chloride, but the 
latter phosphor has many more luminescence-active 
traps. (2) The emission intensity during UV excitation 
is proportional to the number of shallow traps where 
intensification is caused by increasing the preparation 
temperature without any additives in the preparation, 
but is proportional to the number of deep traps where 
intensification is caused by adding halide in the prepa- 
ration at a fixed temperature. 

It is found that the emission intensity does increase 
with the proportion of chloride incorporated in the 
final phosphor (except for CR excitation of hexagonal 
phosphors), but the complete lack of proportionality 
between emission intensity and proportion of chloride 
incorporated suggests that the use of chloride causes 
some such “flux” action as that which was originally 
believed to be the whole effect. A one-to-one correlation 
between luminescence centers and incorporated chlo- 
ride ions is not indicated by the results of the present 
study. 


SUMMARY 


The same mechanism is involved in intensification of 
the host crystal luminescence emission of ZnS phos- 
phors by increasing the preparation temperature with- 
out any additives in the preparation, and by adding 
halide in the preparation at a fixed temperature. Both 
methods of intensification introduce defects which are 
responsible for the luminescence characteristics of the 
phosphors. 

Further evidence is found to support the hypothesis 
that trapping centers in ZnS phosphors are associated 
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with omission defects. The variation of the number of 
deep traps with the number of shallow traps, for chang- 
ing intensification procedure, is found to be the same 
as would be expected for the variation of pairs of omis- 
sion defects with isolated omission defects. 

A correlation between luminescence centers in ZnS 
phosphor and particular perturbed (SZn,) groups 
seems indicated. It is probable that the same omission 
defects which act as trapping centers are not the per- 
turbing defects in the formation of luminescence centers. 


RICHARD H. 


BUBE 


It is found that a portion of the intensification which 
results from the addition of NH,Cl or NaCl in the 
preparation is due to a type of classical “flux” action, 
in addition to whatever intensifying effect actual ip. 
corporation of chloride ions has. 
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Infrared absorption spectra indicate that in NH; containing equal molar proportions of D and H, the 
proportions of the various molecular species appear to depart very seriously from what would be expected if 


all configurations are intrinsically equally probable. 


INTRODUCTION 


HE determination of the molecular species present 
in partially deuterated ammonia is complicated 
by the fact that the molecules are highly labile, and 
consequently only the end members are directly avail- 
able for test purposes. Infrared absorption spectra, 
however, were found to be peculiarly well adapted to 
examine this system, since the range from 700 to 1000 
cm includes but one fundamental vibration mode for 
both NH; and ND; with very strong absorption and the 
background consists only of the relatively much weaker 
rotational components of this same vibration. 

Preliminary experiments showed that the difficulties 
of analyzing partially deuterated NH; could be avoided 
by synthesizing each mixture from pure ND; and NH; 
since at room temperature in glass these gases exchange 
and reach equilibrium very rapidly. When for instance 1 
volume of ND; was added to 9 volumes of NH3, the 
exchange process was virtually complete before the 
spectrum could be recorded (about 5 min). This ex- 
change may take place as a wall effect, but this was not 
investigated as the exchange mechanism should not 
affect the ultimate result. 

In the above case the spectrum showed no trace of the 
ND; band, but a doublet very similar to the NH; 
doublet appeared in a position displaced to slightly 
longer wavelengths. If more ND; was added, another 
similar doublet appeared, still further displaced, and 
with further addition the ND; band eventually ap- 
peared also. There seems no reason to doubt that these 
absorption bands are caused by NH;; NH:D; NHD2, 
and NDs, respectively. The spacing between the 


doublets becomes progressively less in the order listed, 
and with ND3a single broader peak only appears since 
this doublet is not resolved under the conditions used. 


Method Adopted 


Investigation of the concentration of each of these 
molecular species is complicated by the fact that NH:D 
and NHD, cannot be prepared and examined as such. 
The positions of their major absorptions can be de- 
termined readily as noted above, but their extinction 
coefficients cannot be determined directly. 

If it can be assumed that the mixed molecules do not 
interfere at the NH; and ND; peaks, the concentration 
of NH; and ND; in any mixture can be obtained 
directly from the heights of these peaks. Unfortunately, 
the rotational terms caused by the mixed molecules add 
an appreciable unknown complexity to the entire 
background and even these analyses for NH; and ND; 
are therefore none too satisfactory. 

A further complication is also caused by the fact that 
with four molecular species the concentrations of the 
end members are extremely sensitive to the percent 
deuteration. For instance at 30 or 70 percent deuteration 
the peaks for ND; or NHs, respectively, are hardly 
perceptible, and even at 40 or 60 percent deuteration the 
background disturbance is very severe. Fifty percent 
deuteration, however, provides the maximum simul- 
taneous peak heights for both end members, and if each 
peak is measured from both longer and shorter wave 
lengths, the results are reasonably concordant, and it 
would not appear that the average obtained can be fat 
from the truth. 
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DISPROPORTIONATION 





Measurement Details 





Figure 1 gives the spectrum of NH; containing equal 
atomic proportions of H and D, taken at 6 and 4-cm 
pressure in a cell 1.5 cm thick with NaCl windows using 
a Perkin-Elmer recording spectrograph. The lower 
curves are for the empty cell and include the drum 
calibration ticks for drum numbers 570 to 1100, 
covering the range from 733 to 982 cm. The slit 
widths used for these curves were 0.46 mm below drum 
No. 800 and 0.29 mm above No. 800, and the drum 
numbers are used to characterize the curves rather than 
the reference wavelength, since the latter has but little 
application in the present discussion. 

Several methods might be used to characterize the 
peak heights ; e.g., total height above the baseline for the 
empty cell, height above the tangent to the base of the 
peak, and several other methods. It was felt most 
satisfactory, however, to select wavelengths from the 
calibration spectra of NH; and NDs, giving the charac- 
teristic peak heights from both longer and shorter 
wavelengths and to use the same wavelengths in ex- 
amining Fig. 1. This choice was made on the basis that 
this method involves errors in background densities in a 
directly additive fashion, and does not concern itself 
with further complexities as a result of the form of the 
curves at the tangent to the base of the peaks. Any 
method by which the peak heights may be properly 
determined will of course give closely the same results 
with such pronounced peaks, but the method chosen 
seems more satisfactory statistically than the use of 
tangents which are themselves complex and variable 
functions of the background. 






Calibration 


The absorption spectra of NH; and ND; are well 
known and the calibration spectra are therefore not 
reproduced. As recorded under the same conditions they 
are essentially very similar to the regions of Fig. 1 at 
drum numbers 580 and 630 and from 1000 to 1100, both 
regions being exaggerated vertically. 

The densities of the NH; peaks were found to obey 
Beer’s law quite exactly up to at least 0.5 D.U., and the 
wavelengths used and their extinction coefficients were: 


1010 1029 1038 1070 1081 1095 
918.2 929.8 935.7 957 964.8 976.8 


Drum No. 
Cm- 


UY ees +E Leyes ES 
K/cm press. 0.05558 0.05125 0.05667 0.06292 


For ND; the following wavelengths were used: 


Drum No. 580 607.5 
Cm 735.9 744.5 


635 
753.3 


but presumably because of the unresolved nature of the 
doublet (A cm-!= approximately 2.9, only), Beer’s law 
was not obeyed at very low densities, and Fig. 2 gives 
the relation of the density difference for this peak as 
measured from both longer and shorter wavelengths. 


IN DEUTERATED AMMONIA 



































Fic. 1. Infrared absorption spectrum of 50 — deuterated NH; 
in D.U. vs drum num 


RESULTS 


In view of the fact that the method involves the 
measurement of peak heights from an unknown, al- 
though rather faint, background, it is felt desirable to 
present the measurements in more detail than is 
generally necessary for such an elementary examination, 
so that their self-consistency may be examined by the 
usual statistical methods. 


NH; Determination 


The results obtained, in determining the amount of 
NH; present in the pure anhydrous gas containing an 
equal atomic ratio of H and D after equilibration at 
room temperature for several hours in glass receivers, is 
presented in Table I. 

These results give 8 versions of the analysis of this gas 
for NHz; species, and the final average, 27.14 percent 
involves the total of errors from recording and reading 
the spectrum at 24 points, combined with the possibility 
of 8 systematic errors from background residuals. Ex- 
amined in the usual statistical manner, the value of [v P 
for these 8 analyses is 22.80, so that v for each value is 
+1.21 percent. The probable error of the arithmetic 
mean is therefore +0.43 percent. The averages for 4 cm 
and 6 cm differ from the mean by less than double the 
probable error, and these differences are therefore 
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Fic. 2. Density of 744.5 band of NDs vs pressure. 
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insignificant. Pressure could have no influence on this 
exchange in any case, as the number of molecules is not 
affected by exchange. 


ND; Determination 


Table II gives similar data obtained in determining ~ 


the amount of ND; species present in this same mixture. 

These results happen to be rather more consistent 
than those for NHs3, and although only 4 analyses are 
provided by the one band, their deviation is com- 
paratively small. For these results [v ?=2.18; v there- 
fore= +0.58 percent, and the P.E.A.M.=-£0.29 percent. 


SYSTEMATIC ERROR 


Since the details of the background spectra are not 
known for NH2D or NHDz, the variations in back- 
ground density appear not only as random variations in 
each analysis, but leave a possibility of systematically 
affecting the average result. Only certain wavelengths 
are used in the analysis, and irrespective of the number 
of analyses made or the percent deuteration, the relation 
of the background with the main peaks is uniform and 
repetition therefore will not reduce this effect. 

To investigate the possibility of this type of error a 


TABLE I. Determination of NH; in 50 percent deuterated NH; 
Gas phase at room temperature. 











Drum D.U. above baseline cm NH3 % NHs3 

No. 4cm A 6 cm A 4cm 6cm 4cm 6cm 

1010 0.032 0.056 

1029 0.096 0.064 0.147 0.091 1.15 1.64 289 27.4 

1038 0.028 0.068 0.049 0.098 1.18 1.73 29.5 28.8 

1070 0.030 0.047 

1081 0.089 0.059 0.131 0.084 1.04 1.48 26.0 24.7 

1095 0.022 0.067 0.036 0.095 1.06 1.51 266 25.2 
27.75 26.52 
Av. 27.14% 











STEDMAN 


set of 9 other readings were taken from the spectra at 
regions as far removed from the peaks as possible, and 
in order to avoid deliberate selection, wavelengths were 
selected at the drum number ticks, taking alternate 
ticks as far as suitable. These background densities 
were then taken serially as three groups of three, and the 
“peak heights” taken for each pair in the same manner 
as was done in the analyses. The average density 
differences should of course be zero in this case if no 
systematic error occurred. The values found are listed in 
Table IIT. 

In the mean analysis for NH; using 8 values, the mean 
peak height was 0.0782 D.U. in which a probable 
systematic error of +0.00106 might therefore be present. 
This is equivalent to 1.36 percent of the NH; content or 
+0.37 percent NH3. 

For the ND; analysis using 4 values, the mean peak 
height was 0.0718 D.U. in which Table III shows that a 
probable systematic error of +0.0015 D.U. might occur. 
Because of deviations from Beer’s law, variations in 
ND; content at this density are only 0.66 of the per- 
centage of the density variation, and the probable 


TABLE II. Determination of ND; in 50 percent deuterated NH; 
Gas phase at room temperature. 




















Drum D.U. above baseline em NDs; % NDs 
No. 4cm A 6cm A 4cm 6cm 4cm 6cm 
580 0.019 0.037 
607.5 0.070 0.051 0.131 0.094 1.09 1.70 24.2 252 
635 0.019 0.051 0.040 0.091 Me Be 26.0 26.0 
25.1 25.6 
Av. 25.35% 








residual systematic error would therefore be +0.35 
percent NDs. 


ANALYSIS OBTAINED 


It has already been shown by examination of Tables! 
and II that the average analyses for NH; and ND; have 
a total P.E.A.M. of 0.43 percent and 0.29 percent, 
respectively; while examination of the background 
shows that from this source alone a P.E.A.M. of 0.37 
percent and 0.35 percent might be included in these 
uncertainties. The total determinable error of the 
results is therefore not of a greater order than the 
systematic background error alone, and recording and 
reading the curves therefore is of adequate accuracy for 
the number of readings taken and does not affect the 
average result to a determinable extent. 

The average analyses reported for NH; and ND; 
therefore should not be in error by more than double 
this systematic error or 0.7 percent. 

By simple calculation the amount of NH.) and 
NHD2: species may then be obtained, without further 
regard to their spectra, giving the analysis in Table I\ 
for the gas within the above accuracy. 
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DISPROPORTIONATION IN 

The last column gives the amount of each species 
which would be obtained by purely random distribution 
of the H and D atoms. 

It is clear therefore that these results would indicate 
grious deviations from random distribution for this 
system of a magnitude far greater than can be explained 
as residual error, and owing to the rather unexpected 
nature of this result it was felt desirable to present the 
data in some detail. 


DISCUSSION 


It is perhaps premature to discuss the cause for these 
deviations, but the gases were prepared from pure 
materials and were purified with the greatest care by 
repeated distillation. It was checked that the cell itself 
did not liberate H (or D) in adequate amount to produce 
detectable results in the spectra, and such contamina- 
tin would not produce this type of deviation in any 
case, but would deplete ND; or NH; as the case might 


TaBLE III. Examination for systematic error in determining 
NH; and ND3. 








vy? 
( X10°) 





[v?] 210 








“.. v0=3.01 X1073. P.E.A.M. =1.50 X10-? D.U. for 4 observations, or 
P.E.A.M. =1.06 X107% D.U. for 8 observations. 


be while the present results show both to be about 
equally too high. 

It might be noted that these spectra were recorded in 
an air conditioned constant temperature laboratory, 
and consequently there is little possibility of detectable 
instrumental error during the few seconds required to 
record each peak. Further, the analyses obtained from 
each peak are completely independent of each other. It 
will also be seen by examination of the method of 
calculation that the absolute position of the base-line 
lor the empty cell is not of the slightest importance in 
this determination, since the difference between the 


DEUTERATED AMMONIA 


TABLE IV. 








Expt. Mol. % Random Mol. % 





12.5 
37.5 
37.5 
12.5 


27.14 
21.07 
26.44 
25.35 


NH; 
NH:D 
NHD, 
ND; 








curves does not appear in the calculation but only their 
slopes. 

From these results it would appear that the sym- 
metrical end members, NH; and NDs3, are indicated as 
being markedly preferred configurations over the much 
less symmetrical mixed molecules. There is one possi- 
bility, however, which cannot be overlooked, i.e., that 
the spectra of these highly unsymmetrical molecules 
may in fact be more complex than a simple isotope shift 
of the absorption maxima. It would, however, be 
necessary to assume that the additional features in their 
spectra retain considerable similarity to the original 
NH; and ND; spectra, otherwise the analyses would be 
much more confused. 

Unfortunately, other stable molecules*of the same 
configurations do not appear to be available for com- 
parison with the spectra of these mixed molecules. 
These gases are not themselves available for direct 
examination, and in view also of the other complications 
already noted it is difficult to clarify the results any 
further by the present method, and unfortunately other 
absorbing wavelengths in the infrared give such complex 
spectra with these gases that it does not appear that 
analyses at other wavelengths would be very useful. 
Since, however, this examination is extremely simple 
and no other source of gross error can at present be 
located, it is indicated that either NH2D and NHD3; are 
unfavorable configurations, or else their infrared spectra 
include faint bands at the same wavelengths as the NH; 
and ND; absorption maxima used in the analysis. 
Unfortunately, it is not at present clear how the 


.infrared absorption spectra of these inaccessible molecu- 


lar species can be determined unambiguously. - 
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In the search for a quantitative correlation between reactivity and electronic configuration of aromatic 
hydrocarbons, the electron density, at each carbon atom, of the highest occupied z-orbital in the ground 
state of the molecule is calculated by means of the LCAO method. Comparing the result of such a calcula- 
tion on fifteen condensed aromatic hydrocarbons with their chemical reactivities, we find that the position 
at which the electron density is largest is most readily attacked by electrophilic or oxidizing reagents. 

It is, therefore, concluded that distinct from other w-electrons the pair of x-electrons occupying the 
highest orbital, which is referred to as frontier electrons, plays a decisive role in chemical activation of these 
hydrocarbon molecules. The theoretical significance of this discrimination of the frontier electrons in rela- 


tion to the chemical activation is discussed. 





INTRODUCTION 


ONSIDERABLE progress has been made of late 
in the quantum-mechanical treatments for ex- 
plaining the chemical reactivity of organic compounds. 
Especially, the problem of predicting the reactivity of 
an organic molecule in a particular position has been 
solved to some extent by means of the LCAO molecular 
orbital method in the case of the well-known “orienting 
effect’”’ of substituents in aromatic nuclei. On treating 
such a problem, two methods have been applied by 
several authors: the one may be called the “transition 
state method’? and the other the “-electron density 
method.*4 

In the former method the configuration of transition 
complex is assumed a priori on the basis of some other 
theoretical or empirical arguments, and this method is 
usually confined to tedious calculations, as it is neces- 
sary to compute the energies of all the possible 
configurations.* 

In the latter method, on the other hand, the z-elec- 
tron density was computed as a resultant of the con- 
tributions of all z-electrons in the molecule, and no dis- 
tinction between individual w-electrons has ever been 
considered. The defect of the method arising from this 
indiscrimination appears most evidently in the treat- 
ment of nonsubstituted aromatic hydrocarbons, in 
which the z-electron density has always the same value 
at each position in the molecule according to the 
Coulson-Rushbrooke theorem,’ so that this method is 
of no use for predicting the reactivity of different posi- 
tions in such molecules. 

1G. W. Wheland, J. Am. Chem. Soc. 64, 900 (1942). 

2H. C. Longuet-Higgins, J. Chem. Phys. 18, 283 (1950). 

3G. W. Wheland and L. Pauling, J. Am. Chem. Soc. 57, 2086 
EC. Longuet-Higgins and C. A. Coulson, Trans. Faraday 
Soc. 43, 87 (1947). 

* This method has never been applied to unsubstituted hydro- 
carbons except to naphthalene (see reference 1). Whether such a 
calculation is successfully applicable to the condensed aromatic 
hydrocarbons which are treated in the present paper, is not known. 

7 In relation to this problem two other quantum-mechanical 
methods have been proposed in which the distribution of 7- 
electron density is discussed without using LCAO method. The 


one is called by O. Schmidt (Z. physik. Chem. 39, 59 (1938); 
42, 83 (1939) ; 44, 185, 194 (1939)) the ‘““Kastenmodel” method in 


In the present paper it is shown that on the ground 
of the latter method, if we distinguish the pair of 
m-electrons in the highest occupied orbital in the ground 
state from the others and assume that this pair of 
m-electrons plays a decisive role in the reaction in ques- 
tion, we can obtain an illuminating explanation of the 
difference of reactivity at each position in a molecule. 

In the first place we will report on the treatment of 
nonsubstituted aromatic hydrocarbons. The orienting 
effect of substituents in aromatic nuclei will be treated 
in the next publication. 


CALCULATION OF ELECTRON DENSITY 


In the present paper our treatment is restricted to 
condensed aromatic hydrocarbons which are “alter- 
nant.”> Namely, they consist of several fused six- 
membered rings and have the Kékulé-type structure 
in their ground state. 

The energy spectrum can be obtained by the LCA 
method, using one-electron approximation function 


2N 
v= > CiPiy 
i=1 


where ¢; is the 2px-atomic orbital of the ith carbon 
atom.{ 

The secular equations for a series of aromatic hydro- 
carbons are reduced according to the modes shown in 
Appendix, where the symmetry operations ap, a», and! 
are not considered. 

The density of each electron occupying the mth 
electronic level at the ith carbon atom is represented 
by |c;|?, where c; is the coefficient in Eq. (1) corre 
sponding to the mth eigenvalue. 


which certain ambiguities are involved as to the model used, re 
sulting in an insufficient accuracy of the method. The other 1s the 
“molecular diagram” method after A. and B. Pullman (Rev. ‘¢. 
84, 145 (1946); 86, 219 (1948); Chem. Abst. 43, 6905 (1949)) 
which is almost inapplicable to complex molecules, owing to 
laboriousness in calculating the contributions of all possible bond 
structures, including excited ones, to the normal state of the 
molecule. 

5C. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. 5” 
(London) A192, 16 (1947). 

t All o-electrons which form a closed shell in the ground state 
are left out of account. 
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Fic. 1. The distribution of density of the frontier electrons. 
e: Position of the largest frontier electron density. 


In discussing the reactivity of the x-electron system 
in these molecules, we make here an assumption that 
the two electrons occupying the highest z-orbital in 
the ground state, distinct from the other z-electrons, 
are essential to the reactivity of the system. We shall 
refer hereafter to this sort of z-electrons as frontier 
electrons. 

The discrimination of the pair of frontier x-electrons 
in relation to the reactivity is considered reasonable 
80 far as, in photochemical processes in which a con- 
jugated double bond system takes part, the triplet 
state has often been demonstrated as an intermediate 
step essential to the reaction.® 

It is our opinion, furthermore, that for ordinary, 
honphotochemical, organic reactions—not only for oxi- 
dation and other reactions of radical nature, but also, 
with certain reservations, for reactions of ionic char- 
acter such as the electrophilic substitutions in aromatic 





*G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 67, 994 (1945). 
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nuclei—a transition of the frontier electrons into the 
triplet state under the influence of the attacking re- 
agent may be essential to the process of chemical activa- 
tion. Thus, this will be described as a rate process in 
which the frontier electrons solely play an orienting or 
guiding role, so that the density distribution of the 
frontier electrons will determine the configuration of the 
transition complex for the reaction. 

In view of these considerations we have numerically 
calculated the density distribution of the frontier elec- 
trons at each carbon atom in the molecule. The result 
for 15 hydrocarbons is shown in Fig. 1. The points 
marked in each diagram of molecules indicate the posi- 
tion of the largest density of the frontier electrons. 

In this calculation the exchange integrals, except 
those between two adjacent carbon atoms, and all the 
overlap integrals, are neglected and the Coulomb in- 
tegral, as well as the exchange integral, is assumed to 
be constant. 

It is a simplifying circumstance for the present 
treatment that the distribution of the -electron den- 
sity in the triplet state is always the same as that for 
the ground state, so far as the hydrocarbon systems in 
the present consideration are concerned. We can, there- 
fore, proceed with our discussion without settling the 
question as to which of these two states is essential to 
the reaction. This problem is discussed in some detail 
in the last section. 


COMPARISON WITH EXPERIMENT 


In Table I the structures of the reaction products of 
oxidation, halogenation, nitration, and sulfonation of 
ten condensed aromatic hydrocarbons are tabulated 
along with, in the second column, the positions of the 
highest density of the frontier electrons in each hydro- 
carbon indicated in Fig. 1. No experimental results 
could be found in the literature for 1,2-benzopyrene 
and 3,4,5,6-dibenzophenanthrene. 

As can be seen from the Table I, there is a perfect 
agreement between calculation and the result of ex- 
periment in the cases of naphthalene, anthracene, 
phenanthrene, chrysene, naphthacene, perylene, penta- 
cene, and picene. 

In the case of 3,4-benzophenanthrene our calculation 
seems to disagree with the experiment. But this is 
explicable from the consideration that the position of 
the largest electron density, 1, is sterically hindered, 
so that the position 5 where the density is second to the 
position 1 may be attacked, in conformity with the 
experiment. 

The apparent exceptions in the examples of sulfona- 
tion, that of anthracene in particular, may be attributed 
to the instability of primary sulfonation products, as 
is widely recognized by preparative organic chemists. 

As to picenequinone, the 13,14-structure has been 
reported by Burg,’ but later on Cook® proved experi- 


70. Burg, Ber. deut. chem. Ges. 13, 1836 (1880). 
8 J. W. Cook, J. Chem. Soc. 1941, 685. 
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YONEZAWA, AND SHINGU 


TABLE I. Comparison of the predicted positions of the highest reactivity with experimental results. ‘‘1-Cl” means, 
e.g., “1-Chloronaphthalene,” “3,9-di-SO;H” means, e.g., ““Perylene-3,9-disulfonic acid,” etc. 








Position of the 
highest density of 
the frontier 
electrons 


Compounds Oxidation 


Structure of the reaction products 


Halogenation Nitration Sulfonation 





1,4-quinone* 


Naphthalene (5,8-quinone) 


Anthracene 9,10-quinone> 


Phenanthrene 9,10 9,10-quinone® 


Pyrene 3,5,8,10 3,8-quinone® 


3,10-quinone® 


5,12-quinone 
(6,11-quinone) 


Naphthacene 5,6,11,12 


3,4-Benzophenanthrene 1,12 


2,8 


5,6-quinone® 


Chrysene 1,2-quinone® 


Perylene 3,4,9,10 3,9-quinonei 


3,10-quinone(?)i 


Pentacene 6,13 


5,8 


6,13-quinonei 


Picene 5,6-quinone* 


1-F! 

1-Cl= 1-NO.% 
1-Br® 1,5-di-NO.#4 
1,4-di-Cle 1,8-di-NO.44 
1,5-di-Cle 


9-ClP 
9,10-di-Cl4 
9-BrP 
9,10-di-Br* 


9,10-di-Cls 
9-Brt 


1-SO;Hi 
(2-SO;H 
at higher temp.) 


(9-SO;H 
unstable?) 
1,5-, 1,8-di-SO,Hii 


9-NO.° 
9,10-di-NO.° 


9-SO;H*« 
(2 or 3-SO3;H 
at higher temp.) 


9-NO2* 


3,5,8,10- 
tetra-SO;H!! 


2,8-di-NO 2-SO;H™™ 


2- 
2- 

3,9-di-Cly 

3,4,9,10-tetra-Cl*# 3, 10-di-NO,» i-SO;H™ 
3,9 3 

3 


,9-d 
10-di-SO;H™ 


3 
,4,9,10-tetra-NO2"" 3, 


,9-di-Br™ 
,10-di-Br** 


13,14-di-Br(?)>» 








« C, E. Groves, Ann. Chem. 167, 357 (1873). 
b J, Fritzsche, J. prakt. Chem. (1) 106, 287 (1869). 
eR, Fittig and E. Ostermayer, Ann. Chem. 166, 365 (1873). 
4 R, Scholl and C. Seer, Ann. Chem. 394, 125 (1912). 
e Riitgerswerke, A.-G. Germ. Pat. 613, 914 (May 31, 1935) 
fs, go and E. Leupold, Ber. deut. chem. Ges. 31, i (1898). 
«J. W. Cook, J. Chem. Soc., 3524 (1931). 
bc, Liebermann, Ann. Chem. 158, 309 (1871). 
iA. Zinke and E. Unterkreuter, Monatshefte Chemie 40, 408 (1919). 
: E, Phillipi, Monatshefte Chemie 53/54, 639 (1929). 

k J. W. Cook, J. Chem. Soc., 685 (1941). 
1 Schiemann, Gueffroy, and Wikelmiiller, Ann. Chem. 487, 270 (1931). 
m A, Tohl and O. Eberhard, Ber. deut. chem. Ges. 26, 2945 (1893). 
» C, Glaser, Ann. Chem. 135, 41 (1865). 
° J. S. Salkind and S. B. Faerman, J. Russ. Phys.-Chem. Ges. (U.R.S.S.) 

62, 1021 (1930). 

PW. H. Perkin, Chem. News 34, 145 (1876). 
a Ed. Lippmann and I. Pollak, Ber. deut. chem. Ges. 34, 2768 (1901). 
tC. Graebe and C. Liebermann, Ber. deut. chem. Ges. 1, 186 (1868). 
s J. Schmidt and R. Schall, Ber. deut. chem. Ges. 39, 3893 (1907). 
tL. F. Fieser and C. C. Price, J. Am. Chem. Soc. 58, 1838 (1936). 


mentally that the quinone obtained from picene by 
oxidation must have the 5,6-structure which coincides 
with our results. 

In view of these excellent agreements of our theory 
with experiment we believe that some essential rela- 
tions must exist between the reactivity and the density 
of the frontier electrons. 

As for the significance of the absolute value of the 
frontier electron density, two examples may be of value 
to be mentioned here: triphenylene is more stable than 
naphthacene in relation to oxidation;® and anthracene 
is more readily oxidized than phenanthrene.!° Compar- 


® Ward, Kirner, and Howard, J. Am. Chem. Soc. 67, 246 (1945). 
10 R, Anschiitz and G. Schultz, Ann. Chem. 196, 38 (1879). 


u I. G. Farbenind, A.-G. Fr., 261, 627 (March 23, 1934). 

v E. Clar, Ber. deut. chem. Ges. 69, 1671 (1936). 

wI. J. Postovskii and R. G. Beyles, Compt. rend. Acad. Sci. U.R.SS. 
39, 102 (1943). 

x I. G. Farbenind, A.-G. Fr., 793, 893 (February 3, 1936). 

y Zinke, Funke, and Pongratz, Ber. deut. chem. Ges. 58, 330 (1925). 

A, Zinke and K. Funke, Ber. deut. chem. Ges. 60, 580 (1927). 

aa Zinke, Linner, and Wolfbauer, Ber. deut. chem. Ges. 58, 328 (1925). 

bb O. Burg, Ber. deut. chem. Ges. 13, 1837 (1880). 

ee R, Piria, Ann. Chem. 78, 32 (1851). 

dd Ch. Gassman, Ber. deut. chem. Ges. 29, 1243, 1521 (1896). 

ee J. Meisenheimer and E. Connerade, Ann. Chem. 330, 164 (1903). 

ff J. Schmidt and M. Strobel, Ber. deut. chem. Ges. 36, 2511 (1903). 

ze I. G. Farbenind, A.-G. Fr., 794, 534 (February 19, 1936). 

bh Zinke, 3 ge and Brozek, Monatshefte Chemie 51, 205 (1929). 

iiO. N. Witt, Ber. deut. chem. Ges. 48, 743 (1915). 

ii J. Houben, Das Anthracen und die Anthrachinone (1929), p. 109. 

kk A, Werner, Ann. = 321, 270 (1902). 

J, G. Farbenind, A.-G. Germ. Pat., 620, 635 (October 26, 1935). 

mm J, G. Ferbenind, An -G. Fr., 789, 461 (October 29, 1935). 

nn C, Marschalk, Chem. Zentr. I, 1833 (1927). 


ing the largest values of the density in those hydro- 
carbons having the same number of carbon atoms and 
m-electrons, we can observe a parallelism between the 
reactivity and the absolute value of the frontier electron 
density. 


THEORETICAL DISCUSSION 


In our treatments so far disclosed the physical ground 
of discriminating the highest occupied z-orbital in the 
ground state from the other z-orbitals is left untouched. 
We shall try here to add some theoretical considerations. 

Anyhow, it can be concluded from the successful 
results obtained above that certain differences must 
exist between the frontier electrons and the other ™ 
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electrons in respect to their behaviors in the course of 
eectronic interaction during the chemical activation. 
This fact may be understood in two different ways: the 
one way of understanding consists in the possibility 
that the frontier electrons, on account of their valence- 
eectron-like nature, can pass into the next higher or- 
bital, forming a triplet state, presumably under the 
influence of the field arising from the approaching 
reagent. From the symmetry consideration of the 
wave function of the whole system, it seems to be quite 
reasonable that, in order to retain the singlet spin sym- 
metry of the whole system, the spin state of two elec- 
trons in the C— Ho bond to be substituted by the elec- 
trophilic reagent is simultaneously changed into a 
triplet in the course of the reaction which is considered 
to take place adiabatically. 

To understand that the triplet formation of the 


frontier electrons can be effective for bond formation 


between the molecule and the electrophilic reagent, we 
can make use of the following analogy. Considering 
that, as shown by Bartlett," a strong bond of a *}>/,* 
state is formed between two po orbitals, we may assume 
that between the hydrocarbon molecule and the electro- 
philic reagent in a transition complex a {(sp*)o, (sp*)o}- 
like bond is formed in the same way by a participation 
of the frontier electrons with parallel spins. 

The reagent is thus attracted to the position of the 
largest frontier electron density, while the hydrogen ion, 
formerly in the C—Ho-bond, may be repelled from the 
molecule because of the triplet property of the C—Hoe- 
part of the electronic system in the transition complex. 

On the other hand, the contributions of all the z- 
electrons in the molecule must, in general, be taken into 
account on the occasion of chemical reaction. From this 
point of view, we come to the second way of under- 
standing. When it is assumed that in the electronic 
interaction with an electrophilic attacking reagent the 
highest occupied z-orbital would always act as attractive 
and the other z-orbitals as repulsive, it can be expected 
that the formation of a transition complex at the posi- 
tion of the largest frontier electron density might be 
preferred in consequence of the resultant effect of all 
electrons, in either attractive or repulsive orbitals, 
upon the potential energy of the whole system in the 
process of formation of the transition complex. In 
another expression, this way of understanding consists 


J. H. Bartlett, Phys. Rev. 37, 505 (1931). 


in attributing the distinction of the highest occupied 
orbital from the others to the difference in the nature 
of each orbital in reference to the interaction with the 
attacking reagent. Of course, the repulsive effect repre- 
sents a resultant contribution of all z-electrons other 
than frontiers. Some of them may give attractive effects 
but in this case the contribution must be smaller than 
those of frontier electrons. The possibility of a fact 
that a certain orbital in an atom attracts and that 
another orbital in the same atom repels a certain or- 
bital of another atom has been shown by Araki and 
Watari” in the case of C2-molecule. 

The two ways of theoretical approach as discussed 
above may be considered as corresponding to the two 
different interpretations in the description of the process 
of electronic interaction. A correlation between them 
needs to be confirmed by further investigations. 

The concept of the frontier electron, as well as the 
principle involved in the above discussion, is hoped to 
find applications more widely to problems on the re- 
activity of -electron systems. 
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APPENDIX. SYMMETRY GROUP AND MODES OF 
REDUCTION OF SECULAR EQUATIONS.* 








Sym- 
metry 
group Modes of reduction of secular equations 
T(v) =TAitrBitlre£i+ree 
r(Wv) =3 -TA1+TA24+TBit+3 -TB2+4 -TH+4 TE: 
r(v) =3 -TAi+3 -TA2+6 TE 
I'(v) =4-TAi4+3 -TBit+3 -TB2+4-T 

‘TAi+4 -TBi+4 -TBe2+5- 

‘TA1+2 -TBi+2 TBe+3 -T 

‘TAi+5 TBit5 -TB2+6 TBs; 

‘TAi+4 -TBi+6 -TB2+4 TBs; 
I(¥) =5 -TAi1+3 -TBi+3 TB2+5 -TBs 


I(¥) =10-TA+8-TB 
r(¥) =10 -TA+10-TB 


r(v) =11-TA+11-TB 
r'(v) =7 TA+7 -TB 
r(v) =11 -TA+11-TB 
I(¥) =9 -TA+9-TB 


Compounds 





Benzene 
Coronene 
Triphenylene 
Anthracene 
Naphthacene 
Naphthalene 
Pentacene 
Perylene 
Pyrene 
3,4-Benzo- 
phenanthrene 
1,2-Benzopyrene 
3,4,5,6-Dibenzo- 
phenanthrene 
Phenanthrene 
Picene 
Chrysene 








a1T(W): reducible representation. TA, TB, ---: irreducible representa- 
tions of character A, B, -*>. 


2G. Araki and W. Watari, Prog. Theoret. Phys. 6, 945 (1951). 
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A normal coordinate treatment based on the potential function of Urey-Bradley type has been applied to 
CF,=CF: and CF,=CHgz molecules by taking into account the repulsions between nonbonded atoms in 
addition to the valence force field. The mean-square amplitudes of thermal vibration of the atomic dis- 
tances in these molecules have been calculated by the use of the normal coordinates and compared with 
those obtained by I. Karle and J. Karle from the electron diffraction investigation. 





ECENTLY the technique of electron diffraction 
by gases has been so much improved that we can 
measure not only the outer halos up to s=30 by the 
ordinary visual method but also minor features of each 
halo by the sector method. So it becomes necessary for 
the interpretation of the diffraction patterns to take 
into account the thermal motion of atoms in the mole- 
cule. Actually some of the workers have already used 
temperature factor for the computation of the in- 
tensity curves. For instance, Schomaker'? and Bauer® 
assumed adequate values for temperature factors, but 
they have not given the details of their derivation. On 
the other hand, I. Karle and J. Karle* measured by their 
elegant sector apparatus the mean-square amplitudes 
of thermal vibrations in CF;,=CF,; and CH.=CF, 
molecules. They stated that it would be worthwhile 
to perform detailed computations of the mean ampli- 
tudes from spectroscopic data to compare them with 
the electron diffraction data, but they have not carried 
out the actual calculations. 

Fortunately, the Raman and infrared spectra of these 
molecules have been reported by Smith, Claassen, and 
Nielsen,':® and by Edgell and Byrd.’ Hence, we will 
calculate the normal modes of vibrations of these 
molecules, compute the mean amplitudes of atomic dis- 
tances using the normal coordinates thus obtained, and 
compare them with those measured by I. Karle and 
J. Karle. 


1, THE METHOD OF ESTIMATION OF MEAN 
AMPLITUDES 


As is well known in the theory of small vibrations, 
any displacement R; of atomic distance from the 
equilibrium value can be expressed by a linear combina- 
tion of the normal coordinates x;, 


R:=>, Lim, (1) 
k 


1 Spitzer, Howell, and Schomaker, J. Am. Chem. Soc. 64, 2693 
1942) 


2K. Hedberg and V. Schomaker, J. Am. Chem. Soc. 73, 1482 
(1951). 

3 J. M. Hasting and S. H. Bauer, J. Chem. Phys. 18, 13 (1950). 

‘T. Karle and J. Karle, J. Chem. Phys. 18, 963 (1950). 

5 Nielsen, Claassen, and Smith, J. Chem. Phys. 18, 812 (1950). 

* Smith, Nielsen, and Claassen, J. Chem. Phys. 18, 326 (1950). 

7 W. F. Edgell and W. E. Byrd, J. Chem. Phys. 17, 740 (1949) ; 
18, 892 (1950). 
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so that the mean of the square of the displacement may 
be calculated as 


(R?)= Lo LinLis(xn%)). (2) 


There are two sorts of terms in Eq. (2): the one, those 
for which k= 7; and the other, those for which kj. It 
is easily shown that the latter vanishes because the 
normal vibrations are mutually independent. Accord- 
ingly, we have 


(R?)= X Li? (xi?). (3) 


That is, the mean of the square of an atomic distance 
is given by the sum of the mean-square amplitudes of 
the normal vibrations multiplied by the square of the 
coefficients L jx. 

As is well known, the mean-square amplitude of a 
normal vibration is given by® 


h hy; 


coth—,, (4) 
827 y;, 2kT 





(xi?) = 


where »;, is the frequency of the normal vibration. 
Therefore, in order to compute the mean-square ampli- 
tude, the first task is to calculate the coefficient Lx. If 
R; is a symmetry coordinate which is composed of 4 
linear combination of the displacements of bond dis- 
tances or of bond angles according to the symmetry 
requirement, the transformation matrix L,, can be 
obtained by solving the linear simultaneous equations 
(5), derived from the F and G matrices by Wilson’s 
method,°® 


>» C(GF)j:—5;A,JLn=0, (j, k=1, 2, ---n). (9) 


These equations provide only the ratios of the coefi- 
cients but not their absolute values. The latter can be 
obtained by normalizing «, to satisfy the following 
equations, since x, are the normal coordinates: 


2V=X’AX=R’FR, (6) 


*R. W. James, Physik Z. 33, 737 (1932). 


* E. B. Wilson, Jr., J. Chem. Phys. 9, 76 (1941); 15, 736 (1947). 
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which may be written in a more simple expression, 


L'FL=A. (7) 


The mean-square amplitude of the displacement of 
distance between any atoms can be calculated by ex- 
panding them in terms of the symmetry coordinates 
and then transforming each term to the normal co- 
ordinates. The details of the actual calculations will be 
shown in Sec. 3. 

In this place a few words should be added with re- 
gard to the mean-square amplitudes to be used in the 
discussion of electron diffraction. J. Karle and I. Karle’® 
quoted that the quantity which is significant in elec- 
tron diffraction is not the average of the square of the 
amplitudes, but “the average of the square of the ampli- 
tudes projected on the line joining the pairs of atoms in 
their equilibrium position.”” When the distance between 
a pair of atoms r=(2?+ y’+2’)! is expanded about the 
equilibrium value r-., 














Xe Ve Se 
r=re+ (“a+ ~ay+“as) +--+, (8) 
re Te 


Te 


J. Karle and I. Karle called the absolute value of the 
displacement vector (Ax, Ay, and Az) the “amplitude”’ 
and Ar=r—r, which is the quantity in parentheses in 
Eq. (8), the “projected amplitude.” It seems, however, 
more reasonable to define the amplitude of thermal 
vibration with Ar=r—r,, not with the relative dis- 
placement (Ax, Ay, and Az). According to this definition 
it is the mean-square amplitude itself that is actually 
needed for the discussion of electron diffraction. Of 
course this quantity coincides in the first approximation 
with Karle’s mean-square projected amplitude. In the 
following, the term ‘‘mean-square amplitude” is used 
in this sense. Furthermore, for simplicity “root mean- 
square amplitude” will be abbreviated to “mean 
amplitude.” 


2. NORMAL COORDINATE TREATMENT OF 
MOLECULAR VIBRATIONS IN CF.=CF; 
AND CH.=CF, MOLECULES 


As for the calculations of the normal vibrations of 
ethylene type molecules ethylene itself was treated by 
Manneback and Verleysen,"! Bernard and Manneback,” 
Bonner,” and Arnett and Crawford,“ tetrachloro- 
ethylene by Verleysen'® and Torkington,'® and vinyli- 
dene fluoride by Edgell and Byrd.” Manneback ef al., 
Bonner, and Torkington used extended valence force 
field, including the cross terms of internal coordinates. 





J. Karle and I. Karle, J. Chem. Phys. 18, 957 (1950). 

"C. Manneback and A. Verleysen, Ann. soc. sci. Bruxelles 56, 
349 (1936). 

® FE. Bernard and C. Manneback, Ann. soc. sci. Bruxelles 59, 
113 (1939). 

81. G. Bonner, J. Am. Chem. Soc. 58, 34 (1936). 

*R. L. Armett and N. L. Crawford, Jr., J. Chem. Phys. 18, 
118 (1950). 
'® A. Verleysen, Ann. soc. sci. Bruxelles 59, 267 (1939). 
’*P. Torkington, Proc. Phys. Soc. (London) 63A, 804 (1950). 
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Edgell and Byrd paid special attention to the interac- 
tion between F atoms and CF; groups, but the type of 
force field assumed by them leads to a C—F force 
constant which seems to be unreasonably small. 

It was shown by one of the present authors!’ that 
the Urey-Bradley field is a reasonable assumption for 
the treatment of molecular vibration in methane deriva- 
tives and the like, so that it is also interesting to in- 
vestigate the case of ethylene type molecules by the 
same force field, taking into account the repulsions be- 
tween nonbonded atoms in addition to the valence force 
field. 


I. CF, = CF, 


Equilibrium distances and angles of this molecule 
were determined by I. Karle and J. Karle* by electron 
diffraction investigation: C—F: 1.313A, C=C: 1.313A, 
and ZFCF: 114°. This molecule has the symmetry of 
V;, so that the normal vibrations divide themselves in 
the following manner: 


T=3A ot 2Bigt2Bout2BgutA ut Brut Bag, (9) 


of which the last three are the out-of-plane vibrations 
and can be put aside from our present consideration, 
since in a planar molecule the out-of-plane vibrations 
do not give any influences in the first approximation 
upon the mean amplitudes. As stated above for the 
potential energy of this molecule the repulsive energies 
between alternate atoms such as those of the F---F 
atoms in CF, groups and those of the C---F atoms in 
the C=CF; groups are taken into account. But those 
terms between the F---F atoms in the adjacent CF, 
groups are neglected, since the distance (2.737A) be- 
tween the latter is larger than that between the F---F 
atoms in CF, group (2.204A), so that the forces be- 
tween them diminish until they become negligible. 
Thus the potential function for this molecule may be 
expressed as follows :!8 


V=}Kec(Aro)’+2Kcr{ (Ari)?+ (Are)? 
+ (Ary’)?+ (Ars’)?}. 
+H rcr{ (rAa)*+ (rAa’)?} +3 cor{ (rAB1)* 
+ (rAB2)?+ (rAB1')?+ (rAB2')?} +3F ref (Agi)? 
+ (Agr’)?} +3F crf (Ag2)?+ (Age’)?+ (Age’”)? 
+ (Age’”’)?} + Fre’ {qAgt+quAg’} 

+ For’ {q2Ago+qeAge’+q2hge2"+q2Aqe2"""}, 
where ro denotes the length of the C=C bond, r those 
of the C—F bonds, a the bond angles Z FCF, 6 the 
bond angles ZC=CF, q; the distances between F 


atoms in each CF», group, and qg2 those between the C 
and F atoms not bonded directly, as shown in Fig. 1. 


17 T. Shimanouchi, J. Chem. Phys. 17, 245, 734, 848 (1949). 

18 Strictly speaking, the potential energies given in Eqs. (10) 
and (17) should include linear terms in Aro, Ar, Ag, etc. However, 
all the coefficients of these terms are expressed by F’, so that they 
are unnecessary for the calculation (see reference 17). 


(10) 
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Ry = { (Ari— Are) + (Ar,’ a Ar’) } ; 
















| Rs=}{ (r4B:—rAB2)+ (rAB;’—rAB.’)}, 
B, lo B ‘ F IG. 1. The internal 

a 1G sC ‘ eeu tt Re=${(Ari—Are)—(Ary’—Ary’)}, 
R;=3{ (rABi—rAB2)— (rABi'—rAB.’)}, 





, Rs=3{(Ar,;+Are)— (Ar,;’+Are’)}, 
The symmetry coordinates used to set up the secular 


equation are as follows: 1 1 
Ri=Aro, Ry= jet TAF (rAB1+rABz2) 


Re=4{(AritAre)+ (Ari’+Are’)}, (rAB ‘4+ rAB yy 
i 1 2 . 


1 1 
R;=—(rAa+rAa’)——{(rAB,+rA 
, B si na oe And the G and F matrices in these coordinates can be 
+ (rAB1'+rAB2')}, written as!® 
























G 








Ao, 
Ri 2u0, > 
2Co, A+C, 
Ag R2 — 2cuo, 2cuot+nu, ’ 9 D 1 ’ 
R3\2v3su0, — 2V3scuo, 682u0+3p ——Ko, —K,——Ko2, 3 By + 4B 
3 0 0 0 t V3 0 V3 1 V3 3 3 





Ry /2s°uo+n, | A—C, 
Hie ry Ge 
Rs\—2spyo, 2p’uo+u Ko, B 
(12) 
is Rs ( 2s*uotn, ) (" —C, ) 
2u ’ ’ 
Ry\—2scuo, 2c uot+u Ko, B 
A+C, 
Rs 4 2c*uots, 
wi ae Ce 
Ro \ —2v3scuo, 65*4o+3u a we $Bo+ 3B}, 





where the following abbreviations are adopted: and Ao=Kecot4(sc’Fcrth’Fcr’), 
A= Korts?Fortt{Fcr +s rrtcrrr , 


1 1 , ‘ 
u=—, “uo=—, Bo= Avcr+ CF rr—s*F rr , 
My me To 
B=—(Hecrt+htoFcor—s15oF cr’), 
s= wn", c= = Co=5150F cr—tibbF cr’, (14) 
(13) C=s*F rr—CF pr’, 
r i Ko=hsoFcr+tosiF cr’, 
=2-+¢ 2 = ro2t-r? +t 2rroc - 
p Fg ’ q 0 + + 0, K,=cs(Frr+Frr’), 
Yo 
Ke=—(tosiF tisoF cr’). 
si=(r+rec)/g, — So=(ro+r10)/q, ; r, oiForthsolcr') 
19 Only elements on and below the main diagonals are listed 
ti=ros/q, to=rs/q, since the matrices are symmetrical. 








Symmetry 
group 





The G 
with the 

A set 
fit with 
constan’ 
constan’ 
spondin 
these cc 
observe 
except | 
group. . 
coupling 
makes 1 
em) t 
and 118 
formity 

For t 
sary to 





R\=Ar, 


can be 


(14) 


listed 





AMPLITUDES OF VIBRATION 


TABLE I. The force constants for CF2= CF, and 
CH,=CF, molecules in 10° dynes/cm. 








Kcr = 5.5 Kcu =4.8 
Hrcor=0.25 Hucu=0.3 
Hocr=0.25 Hocn = 0.25 
Fre =1.15 Fu =0.1 
For =0.8 Fou =04 


Kee =9,.2(CF.= CF.) Kec =8.4(CH2= CF») 













TABLE II. The comparison of the calculated frequencies 
with the observed ones for CF2=CF~: molecules. 











Symmetry 





group Veale vobs A% Designation 
1871 1872 —0.0 C=C stretching 
Ay 805 778 +3.5 C—F stretching 
390 394 —1.0 CF, deformation 
B 1434 ~1340 +7.0 C—F stretching 
4 516 ~544 —5.1 CF, rocking 
B 1300 1335 —2.8 C—F stretching 
" 238 ~245 —2.9 CF, rocking 
B 1168 1186 —1.5 C—F stretching 
= 579 558 +3.8 CF, deformation 








The G matrices described above essentially coincide 
with those given by Arnett and-Crawford.™ 

A set of force constants is chosen to give a reasonable 
fit with all of the observed frequencies. Such a set of 
constants is given in the first column of Table I. The 
constants F’ are assumed to be one-tenth of the corre- 
sponding constants F. The frequencies calculated with 
these constants are compared in Table II with those 
observed by Nielsen et al. The agreement is satisfactory 
except in the case of the frequency 1340 cm™ of Big 
group. In fact, it is worthwhile mentioning that the 
coupling terms in the secular equation of the A, group 
makes the C—F stretching frequency far smaller (805 
mm) than the corresponding frequencies 1434, 1300, 
and 1186 cm= of the groups, Big, Bou, and Bs, in con- 
formity with the observed result. 

For the calculation of mean amplitudes it is neces- 
sary to know Ly, in Eq. (1). Now that the reasonable 











1 1 
R= Aro, R,=—(Ar,t+-Ary), R3;=—(Ar2+ Ar2’), 
v2 v2 









1 
R;=—(Are— 
v2 





Ary’), 





1 
R= —(Ar ae 
V7 1 
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(6)? 


all” icra 


Ar’), 


V=3Keo(Aro)?+3Kor{ (Ary)?+ (Ary’)?} +43 Keon{ (Are)?+ (Are’)?} +30 rcr(71Ae1)?+3H acu(reAa:)? 
+4H cor{ (ro1AB1)?+ (ro1AB61’)?} +3 con{ (roeABe)?+ (ro2ABe’)?} + F rr’ giAgit+3F rr(Aqi)? 


+Fyn’qoAgot+43F un(Age)*+ Fer {gshgs+qs' Ags’ }+For{ (Ags)?+ (Ags’)?} + Fou’ {qsdqat+9a'Aqa’} 





Nae Sift 


Fic. 2. The internal 


coordinates of CH;= CF; q, ! x {_C——S C% ! q, 
molecule. = =C | 
i B Pos Pe | 
ca ae || 


set of force constants has been obtained, we can calcu- 
late Li, by the method stated in Sec. 1, using Eqs. (5) 
and (7), 


v1 X2 X3 xX Xs 
R; 0.404 0.052 —0.018 a on 0.075 
Ag: R:( -0251 0.197 -0022) * Rs 0.961 0.456)’ 
R; 0.597 0.132 0.367 
(15) 
x6 x7 Xs X9 
a: Ref —0.412 —0.004\, R a —0.317 0.041 
2" Ri 0.182 0.262 u? RN 0.484 0.524)" 


The magnitudes of the values of Li. gives us a means 
of classifying the vibrations. It is customary to name 
the frequencies as “bond stretching,” “deformation,” 
or “rocking,” etc., as shown in Table II. At a first 
glance the values given above seems not to be consistent 
with these classifications. However, it can be easily 
seen that, by taking into consideration the contribution 
of each internal coordinate to the potential energy of 
the whole molecule, the usual classification such as 
those given in Table II can be safely applied to this 
molecule. The detailed discussions will be given in the 
later paper. 


II. CH, =CF, 


The same procedure as that of CF;=CF; is applied 
to this molecule. The symmetry of this molecule is 
C2», so that the planar vibrations are divided as 
T'=5A,+4B,. The potential function, the symmetry 
coordinates (see Fig. 2), and the G and F matrices for 
this molecule are as follows: 


(6) 


Rs=—7-Aaz; 
2 





1 1 
Rem Arai 4bi— ABy’), Ro Th all ABs’), (16) 


+ Fon{(Ags)?+ (Agi’)?} (17) 
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Rs} (6)'simo, = —2v3sycrm0, 0, 65 7uo+3 1, Hatoms 
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R (6) Isouo, 0, = 2V3 Secomo, 0, 652*u0+ 32} C= C st 
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Re ( 2suotm, TaBL 
R; 0, 252*uot Me, 


1 
—2sioiuo, — 2S2pibo, 2(pr’-+01")Mot+—H1, 
Pl 


1 
= 251p2K0, a 2520 oho, 2(p201+ pita) uo, 2(p2?-+ 02") wot —ms 
\ p2 


I 








(A—C, 

a #0, 

K», 0, B, 
0, xf, 6 FF 


1 : and 
me, 0 nee Ao= Kec+2(sor°ForttorF cr’ +502°F cutto:’F cu), 
A= Kert+si’Forthe’For’+s’F rrt+crF rr ; 
rou= (rori)}, roo= (rora)}, A’= Kout+So0’FoutheFon'+s2F unte2F un ; 
Co= $1050. cr— toto cr’, 








[4 Qa oe 7 
nde pili Co’ = S20S02Fcu— taotool cn’, 
= J b ’ + , 
C =5F pr—cF FF ; 
~y 7 r] / 
“= $?Fun—c¢?F un ) 
® ©) — - 2 ; UY 
‘ aoe a2 Bo= Hecr+crF rr—s7F rr’, 
= sin—, C2= COos—, f 
2 Bo = Hucut+c?F un—s?F un’, 
/ 
B= Hecrt+hiotoFcr—s10S0il cr ’ 
D> / 7 , 
es i ror B= HccutteotoeF ou $2080 cn’, 
naan ijy — , 
9ij Ko=Soitiocr+5iotoF cr’, 
, / 
cate Ko = SoxtooF cut Sootok cr, Let 
qiv=r2+r7?— 2r7; cosai;, K,=c5:\(Frr+Frr), " 
, : As state 
Ky'=025o(Fuu+F un’), tudes o} 


K,= (Siotorcrt+Soitiolcr’)/pi, ” The | 
p2=Pe/1o, o2= p2tCo/ pe, Ky! = (S2olo2 cut SorteoF'cn’)/ pe, nolecule | 


pr=ri/To, o1= pitci/pi, 





(20) 
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where the G matrices perfectly coincide with those 
given by Edgell and Byrd.’ The force constants used 
are listed in Table I. The constants, with which the F 
atoms are concerned, are assumed to be the same as 
those of CF2=CFs2, and the constants, with which the 
Hatoms are concerned, the same as those of CH,= CH, 
molecule.2° Because the force constant Kcc for the 
C=C stretching displacement has been found to have 
an appreciably different value for CF2=CF: (9.2 10° 
dynes/cm) from that of CH,=CHy (7.5X10® dynes/ 
mm), an algebraic mean of them 8.4105 dynes/cm is 
assumed for CH2,=CF»>. The calculated frequencies by 
the use of these constants are compared in Table III 
with the observed values. The assignment of the funda- 
mental frequencies has been carried out both by Edgell 
and Byrd and by Nielsen, Claassen, and Smith. They 
have arrived at quite the same conclusion except the 
(-H deformation frequency of A; type. Our calcula- 
tion gives 1422 cm™ in good agreement with the Niel- 
sen’s value 1414 cm“. It is interesting, indeed, to note 
that the satisfactory agreement is obtained by assuming 


TaBLE III. The comparison of the calculated frequencies 
with the observed ones for CH2=CF+? molecules. 











Sym- vobs vobs 
metry (Nielsen (Edgell 
group veale et al.) A% and Byrd) Designation 
3034 3060 —0.8 tee C—H stretching 
1755 1728 +1.6 1734 C=C stretching 
Ay 1422 1414 +0.6 1370 C—H deformation 
938 926 +1.3 924 C—F stretching 
526 550 —4.3 549 C—F deformation 
3085 3103 —0.6 ee C—H stretching 
B 1371 1302 +5.3 1300 C-—F stretching 
, 973 955 +1.9 954 C—H deformation 
458 438 +4.6 439 C—F deformation 
















the same force constants as those of the CF,=CF;, 
molecule. The transformation matrices L,, are calcu- 
lated as follows: 


v1 %2 x3 x x6 
Ri ( 0.070 0.389 —0.061 —0.080 —0.013 
R2| —0.001 —0.203 0.114 —0.231 0.011 
A;: R3| —1.018 0.029 0.034 —0.002 —0.001 
Ry} 0.004 0.437 0.211 0.122 0.493 
Re\ 0.201 0.710 1.660 0.194 0.031 
(21) 
x6 xX Xs X9 
Rs( 0.001 —0.379 0.143 —0.024 
B,, Rr|—1.055 -—0.007 —0.015 —0.008 
Rs| 0.134 0.625 0.073 —0.468 
Ry 0.179 0.721 1.070 0.146 


3, THE MEAN-SQUARE AMPLITUDES OF THE ATOMIC 
DISTANCES IN CF,=CF, AND CH:=CF; 
MOLECULES 


Let us consider first the case of CF,=CF, molecule. 
As stated in Sec. 2, in order to calculate mean ampli- 
tudes of thermal vibration of atomic distances it is 


_— . 
” The result of the normal coordinate treatment of ethylene 
molecule will be published in the near future. 
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(b) 


Fic. 3. Correlations between atomic distances. 


(a) 


necessary to express the displacements of atomic dis- 
tances in terms of the normal coordinates. In the first 
place the displacements of the bond distances, C=C 
and C—F, are easily written in terms of the symmetry 
coordinates by the use of the relations (11); thus 


Aro= Ri, (22) 


and 
Ar; =3(Rot+ Rit Re+ Rs). (23) 


Secondly, as for the displacement Ag of the distance 
between the atoms which are bonded to the same carbon 
atom with the distances 7, r2 and with the bond angle 
a as shown in Fig. 3(a), the following relation is easily 
obtained, 


1 
Aq=-{(r1—1r2 cosa) Ari+ (re—1; cosa) Are 


q 


+riresinada}, (24) 


and for the displacement Ap of the distance between 
the atoms which are bonded to the adjacent carbon 
atoms with the distances r;, r2 and with the bond angles 
a and 6 as shown in Fig. 3(b), we get 


1 
Aq’ =—[{R-— r; cOSa— re cosB}AR 
q 


+{r,—R cosa+re cos(a+f)} Ar; 
+{r2—R cosB+r; cos(a+f)} Are 
+{ Rr, sina—ryre sin(a+8)}Aa 


+ {Rrz sinB—ryr2 sin(a+B)}48}. (25) 


Hence, inserting the numerical values of the molecular 
parameters, the displacement of the distance between 
the two F atoms in CF» group, that of the F atom and 
the C atom bonded to the same C atom, and those of 
the cis and the trans F---F distances can be written 
as follows: 


Agcr=0.8788Ri+0.4394(Ro+Ri+RetRs) 
—0.1378(Rs+ Ro) +0.2386(Rs+Rz), 


Ageis’ = Ri+ 0.5446(Ro+ Rs) -_ 0.4842R3+ 0.8388R;, 
Adtrans’ = 0.7798Ri+ 0.9498(Ro+ R,) 
—0.1807R3+0.3131Rs. 


(26) 


21In Eqs. (24) and (25) 7, 71, r2, a, and 8 in the coefficients 
denote their equilibrium values. 
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vibrations in CF,= CF, and CH2=CF2 molecules. 








Sym- 





met Axi? mm Axi? 
ame vi*¥ ain —- vi* ( 2. 
1872 1.495 3060 0.915 
Ay 778 3.759 1728 1.620 
394 9.506 A 1414 1.983 
. 926 3.087 
B 1340 2.094 550 5.823 
ad 544 5.911 
B 1337 2.099 3103 0.902 
- 245 21.239 B 1302 2.157 
' 955 2.985 
B 1186 2.374 438 8.076 
” 558 5.711 











* The vi are the observed frequencies. 


These displacements may be expressible in terms of 
the normal coordinates by the use of the coefficients 
(15). Squaring them and taking their mean, the required 
mean-square amplitudes of the displacements of these 
distances can be represented by the series of terms, the 
mean-square amplitudes of each normal coordinate 
times the coefficients Liz, e.g., 


(Aro) = Lyi?(01?) + Li2?(x2®) + Lis?(x3"), 
(Ar?) = 4[Lo12(a712) + Loo?(2°2?) + Los?(xs?) 
+ Lge? 042) + Las? x05?) + Loo?( x6?) + Le7?(x7) 
+-Lgs?{xs?)-+Lgo?{x9?) ], (27) 


and so on. Now by the use of the mean-square ampli- 
tudes of the normal vibrations which are listed in Table 
IV together with the coefficients L,,, given in (15), the 
final result for the mean amplitudes of all the atomic 
distances in CF,=CF, molecule are obtained. In 
Table V the contribution to the mean amplitude from 
each normal coordinate is tabulated. The same pro- 
cedure has been applied to the case of CH2=CF: as 
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Taste IV. The mean-square amplitudes of the normal = shown in Table VI. The calculated values are compared 


in Table VII with the values observed by I. Karle and 
J. Karle. As they have already pointed out, the mean 
amplitudes are in all cases a few percents of the atomic 
distances themselves, and they increase with longer 
atomic distances. Further, in the case of CH.=CF, 
they are in very good agreement with the observed, 
whereas in the case of CF,.=CF~ the observed values 
are larger than the calculated. I. Karle and J. Karle 
stated that it was one of their important results that 
the mean amplitudes are about 50 percent larger in 
CF.,=CF, than in CH,=CF>». Contrary to their result, 
the calculated amplitudes are found to be of almost 
equal values for both molecules. This is of course a 
natural conclusion, since the same force constants have 
been assumed in either case. Therefore, it seems to us 
very unlikely that such a great discrepancy could exist 
between the amplitudes of the two molecules. 

Let us discuss the minute details of each mean ampli- 
tude. The amplitude of the C=C bond length, 0.039A, 
is almost entirely attributed to the vibration 7, just as 
expected. For this mean amplitude I. Karle and 
J. Karle assumed 0.03A which seems in fact to be 
slightly smaller. For the C—F bond length the calcu- 
lated value perfectly coincides with that obtained by 
I. Karle and J. Karle (see Table V). They mainly con- 
sist of the terms due to the four C—F stretching vibra- 
tions v2, v4, vs, and vs. For the F---F distance in CF; 
group a slightly smaller value than the observed is 
obtained. It may be expected that the CF: deformation 
vibrations primarily contribute to this mean amplitude, 
but actually the C—F stretching vibration v2 contrib- 
utes more than the deformation vibration v3. For the 
C---F distance the calculated value agrees well with 
the observed. This mean amplitude is mainly a result 
of the rocking vibrations vs; and v7, as expected, in 
addition to the stretching vibration vs. 


TaBLE V. The mean-square amplitudes of the atomic distances in CF,= CF» molecules. 











Symmetry Normal Peer P ‘ 
group coordinate The terms contributing to (AR?) from each normal coordinate (in 10~ A?) 
Wes Sickn F F 
bes f | cis trans 
C=C C-—F Cc C=C P.is8 | ae 
x, (C=C) 14.72 1.42 0.05 2.39 0.04 0.09 
Ag x2 v(C—F) 0.62 2.19 9.66 2.96 2.06 9.39 
x3 6(C—F) 0.18 0.07 5.42 3.29 24.66 5.83 
B x, vo(C—F) tee 5.18 0.33 0.89 
ad x5 y(C—F) see 0.49 7.13 16.22 
B x— v(C—F) see 5.37 2.39 0.65 
= x7 y(C—F) cee 0.00 4.75 60.79 
B x3 v(C—F) see 3.59 1.83 6.06 
” x9 6(C—F) he 0.15 13.69 1.00 
(AR?) 15.52 18.46 30.65 30.30 88.20 32.42 
((AR?))§ A 0.0394 0.0430 0.0554 0.0550 0.0939 0.0569 
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IN POLYATOMIC MOLECULES 


TABLE VI. The mean-square amplitudes of the atomic distances in CH,= CF? molecules. 
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x1 v(C—H) 
x2 v(C=C) 
x3 6(C—H) 
x, v(C—F) 
X5 6(C—F) 


xg v(C—H) 
x7 v(C—F) 
Xs 6(C—H) 
xg 6(C—F) 


(AR?) 


16.74 


Sees SFONS/O 
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BEES SAVES | 


19.04 


29.17 


_ 
oS wSors 
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Or ooo 
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2.33 
13.71 


32.58 


28.52 
0.04 
0.07 
0.00 
0.00 


30.22 
0.00 
0.02 
0.02 


58.89 


151.13 


19.08 
4.35 
18.94 
2.50 
0.13 


17.51 
7.70 
23.08 
1.00 


94.29 


6.40 
0.75 
33.69 
15.85 
10.92 


5.61 
6.45 
44.16 
59.53 


183.36 


23.01 
0.10 
3.42 

13.03 
1.70 


21.15 
0.25 
22.13 
3.87 


88.66 


({(AR?))# A 0.0409 0.0436 0.0540 


0.0570 


0.0767 0.123 0.091 0.135 0.094 








The most important result is that the cis F---F 
distance has the largest mean amplitude in spite of its 
shorter distance than the frans F---F distance. From 
the symmetry consideration it is evident that the vibra- 
tions of By, and B3, groups do not contribute to this 
displacement. The contribution is constituted mainly 
of those by the rocking vibration v7 and the deformation 
vibration v3, both of which have low frequencies so that 
their contributions predominate in (AR?), as evident 
from Eq. (4). For the trans F---F distance the calcu- 
lated value is definitely smaller than the observed. 
The displacement of this distance is caused by the 
rocking vibration v5 of Bi,, as well as the vibrations v2 
and vs of A, group. The vibrations antisymmetric to 
the center of symmetry do not contribute to this 
amplitude. 

As stated above, the ‘rans distance, the longest in 
this molecule, has smaller amplitude than the cis dis- 
tance. This is attributed to the facts that v2 and »,, 
which provide the greatest part of the amplitude of the 
ans distance, have larger frequencies than those of 
the vibration v3 and v7; which provide the greatest 
part of the amplitude of the cis distance and that the 
mean amplitude rapidly increases with decreasing fre- 
quencies. This fact is an important result of the present 
computation. It would be very interesting and, in fact, 
worthwhile to reinvestigate the mean amplitudes of 
the rans and the cis distances for the purpose of con- 
firming the conclusions of this computation. 

Almost the same discussions can be given for the 
case of CH,=CF». It should be pointed out that the 
distances in which H atoms take part have exceptionally 
large mean amplitudes. Although their detailed dis- 
cussions will be postponed till the second part of this 


article, it would be very interesting to note that the 
mean amplitude of the cis displacement is also larger 
than that of the /rans one. 


TABLE VII. The comparison of the calculated mean 
amplitudes with the observed values. 








CF: =CF:2 
({AR2))# ((AR?))4 
9 calc obs f) 
Atomic distance A A A A 


CH: =CF: 
({AR2))* ((AR?))4 
calc  % 





C=C 


1.313 
1.313 


2.204 


2.306 


2.737 
3.515 


0.0394 
0.0430 


0.0554 


0.0550 


0.0939 
0.0569 


0.056 
0.087 


0.095 


0.090 
0.114 


1.313 
1.321 


2.162 


2.335 


0.0409 
0.0436 


0.0540 


0.0571 


0.042 
0.060 


0.060 


1.07 0.0767 


1.89 0.123 


2.06 0.09 


2.61 
3.29 


0.135 
0.094 
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On the Cubic Law of Oxidation* + “ 
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University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico tempera! 
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aubic lay 

Experimental and theoretical studies are reviewed to indicate that a cubic law of oxidation occurs at low of the ot 


temperatures. Data for tantalum and titanium have been presented to indicate that this growth law may 


° ran 
apply to more metals than suspected in the past.  hemg 


rithmic. 
and tant 
The at 





HE purpose of this paper is to summarize the found that copper gave a cubic law at temperatures less 
existing information on the cubic law of oxidation than 100°C. Figure 6 of the paper by Campbell and @ ‘v. R. 
and to present new data obtained with tantalum and Thomas indicates that a number of copper base alloys “J.T: 
titanium which indicate that the law may have a_ corrode according to this growth law. The slope ona W952) J 
greater range of applicability than has been generally _ log-log plot varies from 0.25 to 0.38 which is, of course, 
expected. Mott! predicted this law in 1940 and showed the reciprocal of the exponent m in the general growth 
that it might occur under conditions when the logarith- law. 
mic law had failed. Experimentally it has been observed = ae 30 
at temperatures between those at which the logarithmic Ws lt. (! . 
and parabolic are obtained. It should be noted that Vernon® found that his data T 
Mott proposed that a cubic law for oxidation might _ on the oxidation of iron in the range 25° to 100°C could 
be obtained if large space charges formed in the oxide _ be represented by a law where 
layers. Anderson? independently extended this idea and sine ‘ 
demonstrated that either a cubic or a quartic law would W*'= Rl. 0) 
obtain over different thickness intervals as a result of Apparently neither a cubic nor a log-log plot was made 


the laws governing current limited by space charge in to determine the exact index, but the fact that the 
the oxide or scale. He plotted the data of others to exponent is larger than two is significant. 


indicate that parabolic, cubic, and quartic laws ob- The oxidation of copper at low temperatures pro- 
tained over limited time intervals in the course of ceeds according to a logarithmic law as Rhodin* and 
oxidation. Cabrera* reported that a cubic law could Mehl and Lustman’ showed. Valensi® has reviewed the 
result from a specific distribution of lattice vacancies. high temperature parabolic oxidation of copper. 

However, these authors cite no experimental evidence Analysis of such results indicates that the oxidation by 
to substantiate the fact that this growth law would ob- 
tain over an extended time range. Rhodin‘ has confirmed 
the results of Campbell and Thomas on copper. Both 


Tontalum 
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on ve 2 
for the oxidation of titanium. Fic. 2. Log-log plot demonstrating a cubic law tour’ “ 


* Work done under the auspices of the AEC. for the oxidation of tantalum. Directorate 

1N. F. Mott, Trans. Faraday Soc. 36, 472 (1940). —_—_— Contract N 

2S. Anderson, Phys. Rev. 69, 52 (1946). 6 W. H. J. Vernon, Trans. Faraday Soc. 31, 1668 (1935). t Present 

3M. Cabrera, Phil. Mag. 40, 175 (1949). 7R. F. Mehl and B. Lustman, Trans. Am. Inst. Mining Met. iminghar 

4T. N. Rhodin, J. Am. Chem. Soc. 72, 5102 (1950). Engrs. 143, 246 (1941). REC 

5 W. E. Campbell and U. B. Thomas, Trans. Electrochem. Soc. 8G. Valensi, Pittsburgh International Conference on Surface (1943). 
91, 623 (1947). Reactions, 156 (1948). : 
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CUBIC LAW OF OXIDATION 


the cubic law occurs in the temperature range between 
the other two laws but overlaps the logarithmic ones. 

Evans® states that iron corrodes logarithmically at 
mperatures below 195°C and parabolically at higher 
mperatures. Hence, Vernon’s work indicates that the 
bic law holds under some conditions where neither 
if the other two laws obtain. In this case the tempera- 
wre range of the cubic law overlaps that of the loga- 
ithmic. A similar phenomenon occurs with titanium 
and tantalum. 

The author’? has shown in previous studies that both 


'U. R. Evans, Trans. Electrochem. Soc. 91, 547 (1947). 
J. T. Waber et al. [to be puslished in J. Electrochem. Soc. 
(1952) ]. 
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titanium and tantalum corrode at temperatures near 
325°C by the logarithmic law and has shown that above 
350°C a parabolic law obtains for tantalum. Gulbransen 
and Andrew! demonstrated that titanium oxidizes 
parabolically for temperatures above 350°C. Figures 1 
and 2 show data for tantalum and titanium, respec- 
tively, which indicate cubic laws are obtained in the 
range that the logarithmic law is observed. In the former 
figure the run was conducted at 216°C; while in the 
latter the oxidation temperature was 350°C. How the 
metal decides which growth law to follow is not known 
nor are the factors which influence the choice in the 
overlap region of temperatures known. 


1 FE. A. Gulbransen and K. Andrew, J. Metals 1, 741 (1949). 
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Pure rotation spectra of H;CCCBr’*, H;CCCBr*, and H;CCCI have been measured. For H;CCCBr”, 
Bo= 1561.11 Mc/sec, 1p=537.379X10- g cm’, and Dsx=+11.4 kc/sec; for H;CCCBr®, Bo= 1550.42 
Mc/sec, I p= 541.082 10-“ gcm?*, and Dsg = +11.1 kc/sec; for HsCCCI, Bo= 1259.02 Mc/sec, Ip = 666.316 
X 10-* g cm’, and Djx=+7.2 kc/sec. The nuclear quadrupole coupling factors (egQ) for the halogens are: 
for Br7®, +647 Mc/sec; for Br®!, +539 Mc/sec; for I'%’, — 2230 Mc/sec. On the basis of reasonable assump- 
tions for dcec, dcu, and ZHCH, it is shown that the C—C and C—Br bonds in H;CCCBr are shortened to 
extents comparable with those found in methyl acetylene and cyanogen bromide, respectively, while the Jz 
of methy] iodoacetylene is consistent with a similar shortening of both C—C and C—I. This is supported 
by the force constants for the stretching of the C— Br and C—I bonds. Bond lengths and nuclear quadrupole 
couplings are discussed in relation to the structures of these molecules. 


INTRODUCTION 


ETHYL bromoacetylene, H;CCCBr, and methyl 

iodoacetylene, H;CCCI, have been studied pre- 
viously by Raman spectroscopy,! but no data have 
titherto been available on the internuclear distances 
i these molecules. Since interest attaches to these 
listances, and to the nuclear quadrupole coupling fac- 
lors of the halogens in these substances, we have 
neasured the microwave pure rotation spectra of their 
iincipal isotopic combinations. From these the nuclear 
quadrupole coupling factors are obtained, and deduc- 
tions can be made about the interatomic distances on 
he basis of justifiable assumptions about certain 


tructural parameters. 
ee 


*The research reported in this paper has been made possible 
tough sponsorship extended by the Geophysical Research 
Directorate of Air Force Cambridge Research Laboratories under 
Contract No. W19-122-ac-35. 

t Present address: Department of Chemistry, University of 
mingham, England. 

RA F. Cleveland and M. J. Murray, J. Chem. Phys. 11, 450 


EXPERIMENTAL 


Methyl! bromo- and methy] iodoacetylene were made 
by the methods described by Cleveland and Murray.' 
Samples of about 50 g were finally distilled in vacuum 
and the center fractions collected. As slow decomposi- 
tion occurred at room temperature, these were pre- 
served at —70°C. 

The spectra were observed with a video sweep spec- 
tometer? and measured with a frequency standard 
monitored against station WWV. Gas pressures of 
about 10-* mm of Hg were used. For methyl bromo- 
acetylene the temperature was —70°, but at this tem- 
perature the vapor pressure of methyl iodoacetylene 
was too small for spectra to be observed, and measure- 
ments were made at room temperature. 


RESULTS 


_ The regularity of the spectra confirmed that the 
molecules are symmetric tops. Transitions observed 
were J=8—9, 9-10, and 11-12 for H;CCCBr’; 


2 W. Gordy and M. Kessler, Phys. Rev. 72, 644 (1947). 











TaBLeE I. Molecular constants, 





Unper- 

turbed 
Transi- frequency Ip> egQO for 
tion Mc/sec Bo® x<10~40 Dyx halogen 


Molecule J-—J’ +0.1 Mc/sec gem?  ke/sec Mc/sec 





H;CCCBr7® 8-9 28,099.90 1561.11 537.378 +11.4 
H;:CCCBr® 8-9 27,907.60 1550.42 541.082 +11.1 +539 
H;CCCI 12-13 37,770.87 1259.02 666.316 +7.2 








® Calculated assuming D,; =0. 

b Calculated taking Planck’s constant =6.62373 X10727 erg sec and 1 
amu. =1.65972 X10~* g from J. W. M. Dumond and E. R. Cohen, Revs. 
Modern Phys. 21, 651 (1949). In view of possible error in Planck's constant, 
the last two figures quoted for Jg have relative significance only. 


8—9 and 11-12 for H;CCCBr®; and J=12-13, 
14-415, and 16-17 for H;CCCI. Table I gives the 
unperturbed frequencies for accurately measured transi- 
tions, with values of By, moments of inertia Jz, dis- 
tortion coefficients Dyx, and the halogen nuclear quad- 
rupole couplings, egQ. These values of Dx and egQ are 
those used in calculating the hyperfine structures of 
these transitions for CH;CCBr® and CH;CCI”’ which 
are compared with the observed frequencies in Tables 
II and III. 

These measurements refer to molecules in the ground 
state. In all cases, further groups of lines were observed 
at frequencies slightly higher than those of the main 
transitions, and of somewhat weaker intensity. These 
are almost certainly due to molecules in excited bending 
vibrational states. The bending vibrations designated by 
Meister’ as type E, vs have frequencies of only 171 cm™ 
and 163 cm in methyl bromo- and methy] iodoacetyl- 
ene, respectively, and their excited levels would, there- 
fore, be considerably populated even at —70°. The A 
bending vibration type E, v, would also be easily 
excited, having a frequency of only 343 cm™ in these 
molecules. The rotational spectra of these excited states 
correspond to a value of Jz roughly 0.7 X 10~*° g cm? less 
than that for the ground state, and they are well 
separated from the hyperfine structures of the ground- 
state spectra. 

The intensities of the observed spectra show that 
methyl bromo- and methyl iodoacetylene have ap- 
preciable electric dipole moments, though these have 
not been previously studied. Bromoacetylene, HCCBr, 
though structurally simpler, has the disadvantage from 
the viewpoint of microwave spectroscopy of an ex- 
tremely small dipole moment.‘ Since acetylene and 
bromoacetylene have very similar moments, we might 
expect methyl bromoacetylene to have roughly the 
same moment as methyl] acetylene, 0.77D.' We hope 
to determine the dipole moments of methyl bromo- and 
methyl] iodoacetylene later by the Stark effect on their 
spectra. 


3A. G. Meister, J. Chem. Phys. 16, 950 (1948). 

4L. O. Brockway and I. E. Coop, Trans. Faraday Soc. 34, 1429 
(1938). 
( 5 F. J. Krieger and H. H. Wenzke, J. Am. Chem. Soc. 60, 2115 
1938). 
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DISCUSSION 


The molecules treated here have five structum] 
parameters. In the case of methyl bromoacetylene it js 
necessary to assume three of these until data for other 
isotopic combinations are obtained. Since the most 
interesting distances are those of the C—Br and C-( 
“single” bonds, and since it is known that the length of 
the C=C triple bond and the configuration of the 
methyl] group remain nearly constant despite consider. 
able variations in the nature of the attached groups," 
we have assumed dco=c, dcu, and ZHCH and so de. 
termined dc_c and dcp;y. We have also determined the 
effects of variations in these assumed parameters on 
the values of dc_c and dcpr. 

Table IV shows sets of parameters which are con- 


TABLE II. Observed and calculated hyperfine structure for the 
J=8- 9 transition of H;CCCBr*. Frequencies are calculated for 
Dsx=11.1 kc/sec and eqQ=539 Mc/sec. 











aii Calc. Obs. 
Transition frequency frequency 
JJ’ K F-F’ Mc/sec Mc/sec 
899 7 15/2-17/2 27,918.82 
5 17/2-319/2 a o1s.te 27,918.60 
6  15/2-917/2 27,916.26 —-27,916.40 
4 17/2-919/2 27,914.33 ; 
§  15/2-417/2 aoit ios 27,914.35 
4 15/2-917/2 27,912.33 -~—«-27,912.39 
3. 17/2-919/2 27,910.94 
3. :15/2-»17/2 he! 27,910.92 
2 15/2-+17/2 27,909.98 27,910.00 
13/2-15/2\ 27,909.19 
0  15/2-917/2f  27'909.19$ 27,909.17 
1 15/2-417/2 —_—-27'909.38 
2 17/2-319/2 —-27,908.52 , 
1 13/2-915/2 oes} 27,908.31 
1 17/2-419/2 —-27,907.07 ~—27,907.14 
0 19/221 /2\ 27,906.59 27,906.60 
17/2-+19/2 
1 19/2-»21/2 27,905.94 _—-27,906.09 
2  13/2-415/2 «27,905.48 —«27,, 905.53 
2 19/2-+21/2 «27,904.03 ~—=«-27,904.18 
3. 13/2-915/2 _—-27,900.85 
3 19/2-921/2 ay ou0eAy 27,900.86 
4 19/2-»21/2 27,896.36 —-27,896.59 
4 13/2-915/2 —-27,894.36 —27,,894.38 
5  19/2-421/2 «27,890.61 + —-27,,890.79 


———— 








¢R. Trambarulo and W. Gordy, J. Chem. Phys. 18, 1613 (1950). 


7 Kessler, Ring, Trambarulo, and Gordy, Phys. Rev. 79, 34 
— ee, Goldstein, and Wilson, J. Chem. Phys. 17, 1319 
a A. Westenberg and E. B. Wilson, J. Am. Chem. Soc. 72, 1% 
"riady, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 
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H;CCCBr AND H;CCCI 


TaBLE III. Observed and calculated hyperfine structure for 
the J= 12-13 transition of H;CCCI. Frequencies are calculated 
for Dsk=7.2 kc/sec and eqQ= —2230 Mca. 











Cale. 
frequency 
Mc/sec 


Obs. 
frequency 
c/sec 


Transition 
FF’ 





29/2-931/2 
19/2-21/2 
29/2-331/2 
29/2-931/2 
19/2-21/2 
29/2»31/2 
27/2-+29/2 
29/2-431/2 
27/2-+29/2 
29/2-931/2 
29/2-+31/2 
27/2-+29/2 
25/2-927/2 
25/2-927/2 
19/2-421/2 
27/2-329/2 
19/2-21/2 
25/2927 /2 
19/2-21/2 
23/2-325/2 
23/2-925/2 
27/2-29/2 
21/2-+23/2 
21/2-923/2 
21/2-323/2 
23/2-925/2 
21/2-+23/2 
23/2-325/2 
25/2-927/2 
19/2-21/2 
21/2-23/2 
21/2-323/2 
23/2-425/2 
21/2-23/2 
27/2-+29/2 
21/2-+23/2 
21/2-»23/2 
25/2-927/2 
23/2-925/2 
27/2-+29/2 
23/2-925/2 
25/2-227/2 
23/2-325/2 


32,753.14 
32,749.76 
32,748.11 
32,743.97 
32,743.23 
32,740.76 
32,738.34 
32,738.48 
32,737.79 
32,737.10 
32,736.64 
32,736.09 
32,735.44 
32,734.56 
32,734.51 
32,733.33 
32,732.32 
32,731.97 
32,731.60 
32,731.40 
32,730.74 
32,729.43 
32,729.26 
32,729.18 
32,728.96 
32,728.80 
32,728.58 
32,728.07 
32,727.62 
32,727.49 
32,727.41 
32,726.58 
32,725.53 
32,725.62 
32,724.42 
32,724.50 
32,723.26 
32,721.53 
32,720.93 
32,718.28 
32,715.06 
32,713.72 
32,707.85 


32,752.83 
32,748.69 
32,747.90 


32,743.89 
32,740.77 
32,738.45 


32,737.72 
32,737.22 
32,736.69 
32,736.05 
32,735.35 
32,734.45 
32,734.26 
32,733.05 
32,732.18 
32,731.83 
32,731.52 
32,731.19 
32,730.52 
32,729.7 


32,729.00 


32,728.68 


32,728.14 
32,727.74 
32,727.32 
32,727.10 
32,726.06 


32,725.28 


32,724.73 


32,723.61 
32,721.36 
32,720.85 
32,717.22 
32,714.74 
32,713.35 
32,707.68 


K 
6 
5 
5 
4 
4 
3 
0 
2 
1 
1 
0 
2 
0 
1 
2 
3 
1 
z 
0 
0 
1 
4 
0 
1 
2 
2 
3s 
4 
3 
3 
5 
6 
3 
7 
5 
8 
9 
4 
4 
6 
5 
5 
6 








sistent with the Ig values, zero-point energy effects 
being neglected. The values for dc=c, dcu, and ZHCH 
which are assumed are based on the values found in the 
related molecules methyl acetylene,® methyl cyanide,’ 
or chloroacetylene.® In methyl acetylene dcx is 1.097 
+0.01A and Z HCH is 108°14’+-45’ ; in methyl cyanide, 
dcx is 1.092A and ZHCH is 109°8’, to about the same 
degrees of accuracy. In methyl acetylene, dc=c is 
1.207A; and in chloroacetylene, dc=c is 1.211A. The 
parameters in Table IV illustrate the effects of varia- 
tions in each assumed parameter in turn on the values 
of dc_c and dcp;. The first two sets of parameters differ 
only in ZHCH, and it is seen that a reduction of 
“HCH by one degree lowers dc_c by about 0.004A and 
has scarcely any effect on dcp;. The next two sets differ 
only in dcg and show that a decrease in dcx of 0.01A 
falses dc_c by 0.002A or less and lowers dcp; by less 
than 0.001A. Finally, we see that lowering dc=c from 
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1.211A to 1.207A increases dc_c by 0.003A and in- 
creases dcpr by only about 0.001A. 

From these facts we can estimate that, if variations 
of +0.01A in dco, +1° in ZHCH, and +0.004 in 
dc=c are allowed, the uncertainty in dc_c will be about 
+0.02A and that in dcp, about 0.005A. If zero-point 
energy effects are neglected, the probable errors are 
likely to be less than these, but some allowance has 
been made for such effects. The chief source of un- 
certainty would seem to be the value assumed for do=c. 

A good choice of final parameters is: 


dcec= 1.207+0.004A dc_c=1.46 +0.02A 
dcu=1.092+0.01A fPassumed 
ZHCH=109°8’+1° dcpr= 1.793+0.005A 


Since there is good probability that the assumed 
parameters lie within the quoted ranges, we may re- 
gard the calculated distances as reasonably reliable. 
The C—Br distance can be determined with consider- 
ably more precision than dc_c. 

The most striking property of the above parameters 
is that dc_c is as short as it is in methyl acetylene® or 
methyl] cyanide,’ while dcp; is also very short, being 
almost as short as it is in cyanogen bromide’™” and 
agreeing with the dcp, found by electron diffraction in 
bromoacetylene,’ which is 1.80+0.03A. 

Table IV also shows that J for methyl iodoacetylene 
is consistent with a C—I distance of 1.99A on the basis 
of assumptions similar to those above for dc=c, dcn, 
and Z HCH, and taking dc_c as 1.459A in this case also. 
Though dcx must be subject to some uncertainty on 
account of the necessity of assuming dc_c as well as 
the other parameters, it is worth noting that any longer 
value of dc_c would probably require dc_1 to be even 
shorter, while if dcr were much longer than 1.99A the 
dc_c would have to be correspondingly shortened be- 


Taste IV. Structural parameters consistent with Jz values 
(neglecting zero-point energy effects). 








dcH 
y = (A) dc—c 


=C dcBr or dcr 
A) (assumed) ZHCH (A) (A) (A) 





109°8’ 
108°14’ 


1.211 
1.211 


1.092 
1.092 


1.082 
1.102 


1.455¢ 
1.4522 


1.457, 
1.4545 


1.7925 
1.792, 


1.792, 
1.793, 


1.7945 
1.792. 


1.211 
1.211 


CC 109°8’ 
H;CCCBr 109°8’ 


1.207 
1.211 


1.207 


109°8’ 
109°8’ 


1.092 
1.092 


1.459 
1.4556 
H;CCCI 1.092 


109°8’ 1.459 


(assumed) 


1.99, 








Atomic masses used: 

Carbon: 12.00386, and hydrogen: 1.00813 (R. T. Birge, Revs. Modern 
Phys. 13, 233 (1941)). 

Bromine: 78.9417 and 80.9400 (F. W. Aston, Nature, 141, 1096 (1938)). 
( an 126.932 (F. W. Aston, Proc. Roy. Soc. (London) A115, 487 
1927)). 


1! Townes, Holden, and Merritt, Phys. Rev. 74, 1113 (1948). 
2 Smith, Ring, Smith, and Gordy, Phys. Rev. 74, 370 (1948). 
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TABLE V. Nuclear quadrupole couplings (egQ in Mc/sec) for halo- 
gens in R—C=C—X compared with those in H;CX and XCN. 





eqgQ (Mc/sec) in 





Nucleus 

(X) H;:CX* R-C#eC-X X—-CsNe 

Ccl* —75.1 —79.7 —83.5 
R=H> 

Cl” — 59.93 — 62.8 — 65.0 

Br? +577 +647 +686 
R=CH; 

Br®! +482 +539 +573 

[7 — 1934 — 2230 — 2420 





*® From reference 10. 
> From reference 8. ~ 
© From references 11 and 12. 


low 1.459A. Shortening of either distance, however, 
below 1.99A or 1.459A, respectively, is not very likely, 
since these distances are already so short, and the indi- 
cation is that both C—C and C—I are shortened in 
much the same way as the analogous bonds in methyl 
bromoacetylene. A length of 1.99A for C—I is close to 
that in cyanogen iodide” and much shorter than a 
normal C—I single bond. 

Support for these conclusions is found in the meas- 
ured stretching force-constants for C—Br and C—I in 
methyl bromo- and methyl] iodoacetylene.* These are 
4.3525 10° dynes/cm and 3.5707 10° dynes/cm, re- 
spectively, as compared with only 3.129 10° dynes/cm 
and 2.648X10*° dynes/cm for the analogous bonds in 
methyl bromide and iodide. The shortened C—Br and 
C—I bonds in BrCN and ICN have stretching force 
constants of 4.2105 dynes/cm and 3.0X10° dynes/ 
cm." The force constants in the methyl] halogen acetyl- 
enes are therefore as high as those in the cyanogen 
halides, which supports a comparable shortness in 


13 W. G. Penney and G. B. B. M. Sutherland, Proc. Roy. Soc. 
(London) 156, 654 (1936). 
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these bonds in the methy] acetyle derivatives. It may 
be noted that the dec: in chloroacetylene® is found to be 
almost the same as that in CICN, being much shorter 
than a single bond, while the C—C1 bonds in both have 
high and comparable stretching force constants."3 “4 

The explanation of such shortenings in C—C, C—Br, 
and C—I bonds in these substances is presumably to be 
found in the same causes suggested for the shortening of 
C—C in methyl acetylene’ on the one hand, and for 
the shortening of carbon halogen bonds in halogen 
acetylenes and cyanogen halides on the other. It would 
thus chiefly involve postulation of hyperconjugated 
structures such as (I) for the C—C shortening, and 
structures such as (II) for the C—X shortening (X=Br 
or I): 

) H 


a De os 
ait Sediadten <i weenie 


H H 
(1) (ID) 


The halogen nuclear quadrupole couplings in the 
methy] halogen acetylenes are greater than those found 
in the methyl] halides, but smaller than those found in 
the cyanogen halides. This is shown in Table V, which 
also shows that the same is true for the chlorine coupling 
in chloroacetylene. The explanation of the somewhat 
lower couplings compared with those in cyanogen 
halides, despite the similarity in bond lengths dcx in 
the two series, may well depend on differences in contri- 
butions of the forms containing C = X* in the two series, 
and perhaps on differences in the ionic character of 
the C—X bonds in the two systems C=C—X and 
N#C—X. 


4 W. S. Richardson and J. H. Goldstein, J. Chem. Phys. J8, 
1314 (1950). : 
15 Pauling, Springall, and Palmer, J. Am. Chem. Soc. 61, 92/ 

9). 


(1939) 
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Summer Symposium to be Held at University of Notre Dame 


The St. Joseph Valley Section of the American Chem- 
ical Society and the Department of Chemistry of the 
University of Notre Dame will act as hosts for the 1952 
joint summer symposium of the Division of Physical 
and Inorganic Chemistry of the American Chemical 
Society and the Division of Chemical Physics of the 
American Physical Society. The subject is ‘Electron 
Transfer and Isotopic Reactions.” The three-day sym- 
posium will be held at the University of Notre Dame, 


June 11 to 13. 


Because of limitation of facilities, registration will be 
limited to 200. It is essential for those who wish to 


obtain accommodations to register in advance. Ab- 
stracts of the symposium papers will be distributed to 
the members of the two divisions by their respective 
secretaries. Nonmembers of these divisions who registet 
will be sent copies of the abstracts by the chairman 
charge of arrangements for the symposium. 

Preprints of the papers scheduled to be presented at 
the symposium will be distributed in May to all who 
register and pay for the preprints. Those who do not 
register for the symposium may obtain copies (until the 
supply is exhausted), from the chairman in charge ° 
arrangements. 
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SUMMER SYMPOSIUM 


Physical and Inorganic Division of the American oom Reservations: 
Chemical Society and the Division of Chemical 
Physics of the American Physical Society 


Subject: 
Dates: 
Hosts: 


Chairmen: 


Program: 


Electron Transfer and Isotopic Reactions 
June 11 to 13, 1952 
The St. Joseph Valley Section of the Ameri- 
can Chemical Society and The Department 
of Chemistry of the University of Notre 
Dame 
Dr. F. A. Long of Cornell University, 
Chairman-Elect of Division of Physical and 
Inorganic Chemistry 

and 
Dr. John R. Platt, University of Chicago, 
Secretary of Division of Chemical Physics. 


Dr. J. V. Quagliano (in charge of arrange- 
ments), Department of Chemistry, Uni- 
versity of Notre Dame 

Wednesday A.M., Introduction to Symposium 
Chairman, Dr. John R. Platt, University of 
Chicago 

Wednesday P.M., Reactions in Gases 
Chairman, Dr. John L. Magee, University 
of Notre Dame 

Wednesday Evening, General Mixer 


Thursday A.M., Electron Transfer Reactions 
in Solution 

Chairman, Dr. W. F. Libby, Inst. Nuclear 
Studies 

Thursday P.M., Free Afternoon 

Golf, swimming, visiting chemical concerns, 
inspecting University facilities, or just visit- 
ing with friends. Swimming, tennis, and golf 
facilities are available on the campus for 
men only. Within a radius of 30 miles there 
are state parks and Lake Michigan for picnic- 
ing, -hiking, and swimming. No special 
“ladies’ program”’ is being planned. 
Thursday Evening, Buffet Supper or Dinner 
on campus 

Thursday Evening (following Buffet Supper) 
Electron Transfer Reactions in Solution 
Chairman, Dr. R. W. Dodson, Brookhaven 
National Laboratory 


Friday A.M. and p.M., Influence of Isotopes 
on Kinetics of Reactions 

Chairman, Dr. Jacob Bigeleisen, Brook- 
haven National Laboratories 


(a) Hotel Accommodations 


Hotel accommodations are available in The Morris Inn on 
campus. The rooms in The Morris Inn, opened in April, 1952, are 
assigned only on the basis of 2 or 3 to a room. 

Rates: Twin beds, private bath, $5.00 per person per night. 
3 single beds, private bath, $4.00 per person per night. 

Give name (or names) of roommates to share room, or indicate 
no choice and roommates will be assigned. 


(b) Dormitories 

Accommodations are available, for men only, in the University 
dormitories on the campus, at $2.50 per person pér night. All rooms 
are equipped with running water. 

Hotel reservations will be confirmed directly by the manager 
of The Morris Inn; dormitory reservations will be confirmed by 
the Housing Committee. 


Trans portation: 


The TWA, American, and United Airline planes stop at the 
South Bend airport. 

New York Central and Grand Trunk trains stop at the South 
Bend station. Michigan Central trains stop at Niles, Michigan 
(ten miles north of South Bend) and there is regular bus service 
from Niles to South Bend every half-hour. The nearest Baltimore 
and Ohio stop is at LaPaz, Indiana (16 miles south of South Bend), 
and the nearest Pennsylvania RR stop is at Plymouth, Indiana 
(24 miles south of South Bend). There is regular bus service be- 
tween these points and South Bend. 

There is service every hour between Chicago and South Bend on 
the South Shore and South Bend Electric line. These trains leave 
from the Randolph Street Illinois Central suburban station in 
Chicago on the hour; they also pick up passengers at the Van 
Buren and Roosevelt Road (Central) stations. 

To register or to apply for preprints write to Dr. J. V. Quagliano, 
Department of Chemistry, University of Notre Dame, Notre 
Dame, Indiana before May 7, 1952. State name, address, and 
whether you are a member of either of the two Societies or of the 
Divisions, and enclose a check. Application for rooms should also 
be made. 


Fees: 
$2.50 


for registration for members of the American Chemical 
Society or American Physical Society.* 

for registration for nonmembers. 

for buffet supper on Thursday evening. 


$5.00 
$2.50 


Preprints: 
$2.50 for all who register and attend and for all members of 
the sponsoring divisions who do not attend. 
$3.50 for other members of the American Chemical Society or 
American Physical Society. 


$5.00 for those who are not members of the American Chemical 
Society or the American Physical Society. 


* Fees will be refunded if notification of nonattendance is given 
before June 1, 1952. 
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Letters to the Editor 


HIS section will accept reports of new work, provided these are 

terse and contain few figures, and especially few half-tone cuts. 

The Editorial Board will not hold itself responsible for opinions 

expressed by the correspondents. Contributions to this section should 

not exceed 600 words in length and must reach the office of the 

Editor not later than the 15th of the second month preceding that 

of the issue in which the Letter is to appear. No proof will be sent to 

the authors. A publication charge of $10.00 per Letter is made which, 
when honored, will entitle the Institution to 100 free reprints. 
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Dipole Moments from Dielectric Data on 
Polar Liquids 


Joun D. HoFFMAN 


General Electric Research Laboratory, The Knolls, 
Schenectady, New York 


(Received January 21, 1952) 


NSAGER' has shown that a value for the dipole moment of a 
molecule in a pure polar liquid may be obtained from the 
equation 
o _ IMRT (e—n*) (2e+n’) 
ee bee Nde(n?-+ 2) 


« is the static dielectric constant, m the index of refraction, and 
d the density; the other symbols have their usual meaning. mu: is 
often called the “Onsager moment,” and it has sometimes been 
regarded as identical to the true gas moment yo(obs). This iden- 
tity, however, is not generally to be expected and 4; is, in fact, 
frequently different from yo(obs). The object of this note is to 
point out that if u:? is plotted against 1/7, the intercept with the 
ordinate axis will yield a value of uo, which is close to po(obs). 

The rationale of this extrapolation is evident from a comparison 
of Onsager’s theory with that of Kirkwood.? Kirkwood’s calcula- 
tion of the dipole moment of molecules in pure polar liquids in- 
cludes the effect of mutual orientation of dipoles as well as an 
internal field correction similar to that obtained by Onsager. 
Kirkwood’s result is the same (for spherical molecules) as Eq. (1) 
except that the left-hand side is yo’g, where g=(1+<2(cosy)). 
y is the angle between a central dipole and one of the z dipoles 
in the first coordination sphere. Comparison of the Onsager and 
Kirkwood equations shows that 


po’(1+2(cosy)) = ws’, (2) 
where yo is explicitly the gas moment. In general, (cosy) is given by 


JJ cosy expl—(Vo/RT)- f(y, «)] sinydyde 
SS expl-(Vo/kT)-fr, «)] sinydyde 


where f(7, w) is a function which describes the variation of poten- 
tial energy of the molecules in terms of the coordinates of the 
system represented by w, as well as y. 

The relationship between y, wo, and T may be found by ex- 
panding Eq. (3). The result, dropping terms 0(1/7) and higher, is 


(cosy) =a(Vo/2kT), (4) 





(1) 





(cosy) = (3) 


where 
a= f f siny cosy f(y, w)dydw. 


Oster® has previously noticed that (cosy) may be approximated 
as a constant divided by T for a specific model. Combination of 
Eqs. (2) and (4) yields 


po?+ peazV o/2kT = py’. (5) 


Thus, if a plot is made of y;’ vs 1/7, the intercept will be yo*. If 
sufficient dielectric constant data are available to evaluate u:(T) 
from the Onsager equation, these data may be used to estimate 
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TABLE I. Dipole moments in debyes. 


APRIL, 1953 





Onsager moment® (1) Gas moment (yy) 





Compound —1° 25° 55°C uo(calc) — yo(obs)> 
C2HsBr 1.78 1.80 1.82 2.02 2.02 
n-bromides 1.76¢ 1.81¢ 1.85¢ 2.23 2.15 
C-3 to C-16 

CeHsCl 1.44 1.45 1.46 1.55 1.69 
CeHsBr 1.32 1.37 1.42 1.84 1.71 
i-C3H7Br 2.04 2.06 2.08 2.25 2.18 








® See reference 4. 
b See reference 5. 
¢ Averages for 11 compounds. 


uo. It would be preferable to have data for as high temperatures as 
possible. 

The method of estimating gas moments from temperature 
dependent Onsager moments suggested by Eq. (5) has been 
tested for a few cases where values of ui(T) were available in the 
careful work of Heston, Hennelly, and Smyth.‘ Only cases where 
observed® values of the gas moments were available were con- 
sidered and molecules where internal rotation of dipoles caused 
changes in yo were avoided. The values of yo(calc) from Eq. (5) 
and the values of yo(obs) are shown in Table I. Even with the long 
extrapolation required, yo(calc) is always closer to yo(obs) than 
any of the values of yu: listed. yo(calc) is never in error by more than 
9 percent and the standard deviation is 0.09 Debye. Dipole 
moments calculated from solution measurements® frequently lead 
to even greater errors when compared to po. 

1L. Onsager, J. Am. Chem. Soc. 58, 1486 (1936). 

2 J. G. Kirkwood, J. Chem. Phys. 7, 911 (1939); for the specific form used, 
see H. Frohlich, Theory of Dielectrics (Oxford University Press, London, 
197 C. Cater, J. Am. Chem. Soc. 68, 2036 (1946). 

4 Heston, Hennelly, and Smyth, J. Am. Chem. Soc. 72, 2071 (1950). 


5 L. Wesson, Tables of Electric Dipole Moments (The Technology Press, 
Massachusetts Institute of Technology, Cambridge, Massachusetts, 1948). 





Errata: Paramagnetic Resonance Absorption 
of Microwaves 


[J. Chem. Phys. 19, 1181 (1951)] 
Forrest W. LANCASTER AND WALTER GORDY 
Department of Physics, Duke University, Durham, North Carolina 


HE following corrections should be made for this paper: 


The formula for cerous oxalate should be Ce2(C20.)3-9H:0, 
and the cerium ion should be Ce***. 
The compound listed as chromic dirhodanato diethylene diam- 
mine rhodanate is chromic dithiocyanato diethylene diamine thio- 
cyanate, and the formula is 


[Cr(SCN)2{C2H4(NH2)2}2)(SCN). 


Cupric chromate should be cupric dichromate. The formula for 
lanthanum nitrate should be La(NOs;)3-6H20. 





Infrared Reflection Spectra of Phosphates 
and Arsenates 


JouN J. OBERLY 
Crystal Branch, Metallurgy Division, Naval Research Laboratory. 
Washington, D.C. 
AND 


GEORGE WEINER 
Chemistry Laboratories of Washington Square College, 
New York University, New York, New York 
(Received January 18, 1952) 


A STUDY has been made of the infrared reflection spectra of 
KH:POQ,, NH,H2PO., KH2AsO,, and NH,H2AsOx crys 


to (1) determine the local symmetry surrounding the phosphorus 
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and arsenic atoms, (2) locate the fourth fundamental frequency 
of the arsenate ion which could not be found in solution but which 
night well appear in the crystalline spectrum, and (3) inquire, 
if possible, into the nature of the vibrations of the hydrogen atoms 
gmmon to these compounds. 

Well-polished x-cuts were examined with a Perkin-Elmer infra- 
red spectrometer 12-C using polarized radiation. Data were ob- 
tained at room temperature in the 1-25 micron region for all four 
aystals, and in addition, below the Curie point at liquid nitrogen 
temperature in the 2-15 micron region for the potassium com- 

und. The ammonium crystals shatter at low temperature as a 
result of the ammonium transition. 

Qur room temperature data for KH2PO, confirm in substance 
the reflection spectrum recorded by C. La Lau? in the 4-14 micron 
region. Our spectrum shows somewhat improved resolution, 
possibly because we employed a Golay infrared detector. The new 
data are summarized in the table. 

Above their respective Curie points x-ray crystallographers** 
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ionic configuration is likely to be C2, or Cz. Our spectra show an 
increase in the number of bands at this temperature probably 
because of complete removal of the »;(72) degeneracy; contrary 
to expectation one of these bands occurs at almost the same wave- 
length with both polarizations. The bands are much narrower than 
at room temperature and more intense. Also, it appears that most 
bands are shifted to higher frequencies. This might be the result of 
the transition from hydrogen to hydroxyl bonding as discussed by 
Simon and Schulze.!° 

The bands in the range outside the region where typical XO, 
bands are known to occur are difficult to interpret. La Lau? 
identified the 1575 cm™ band as a P—O—H banding frequency. 

Only three of the four frequencies typical of tetrahedral XO, 
molecules have been reported so far for the arsenate ion. Gupta 
and Guha" attribute this to accidental degeneracy of the »; and 
v3 frequencies. From the spectra of our arsenate crystals it appears 
most likely that we have observed the missing frequency though 
our assignment is not unambiguous. 


TABLE I. Observed infrared reflection bands (cm~). 








KH2PO. 
Above Curie Below Curie 
point point 
Polarization to Polarization to 
z axis 2 axis 
normal parallel normal parallel 


NH«H2PO4 
Above Curie 
point 
Polarization to 
z axis 


normal parallel 


Above Curie 
point 


2 axis 


KH2AsO« 


Polarization to 


normal parallel 


NH«H2AsOu 
Above Curie 
point 
Polarization to 
z axis 
normal parallel 


Below Curie 
point 
Polarization to 
z axis 


normal parallel 


Probable 
assignments 





No data 
recorded 


9090 
7690 
2085 
1550 


9090 
7690 
2050 
1550 


1690 6670 6250 
1578 
1444 
1398 


1242 


1544 
1437 


1578 
(1474) 
\1420 


1578 
1450 
1435 


1542 
: 1380 
1240 


x Sack sane bein 1415 
1297 1234 1305 1295b* 1255 


10005 


1250? 
1030 


907 


1160 
1021 
960 
904 


1010 870 
880 


1095 
895 


10908" 10206 
847 

546 

4555 


No data 


recorded 4655" 


7350 


No data eee eve : , 


? 
X-O-H ae vibration 


recorded 
1578 1578 
1506 1506 
1416 1416 


1277 1277 


2050 
1578 


2085 
1578 


? 

va(T2) of NHa ion 

Combination band of v3(T:2) 
of XOx« ion with some lat- 
tice band 

Possibly same assignment as 
above band 

v3(T2) of XO« ion 


1380 
1240 


1403 
1190b 


10066 966b 
1037 

8605 
735b8 


86558 

74552 v1(A1) of XO« ion 

see Difference band of »i(A1) of 
POs, ion and lattice band 

Combination band of va(T2) 
of POsion and lattice band 

v4(T2) of XO. ion 


765 


recorded 








*b=broad. 


assign these isomorphic crystals to the tetragonal space group 
Vé. The positions of the hydrogen atoms have not been revealed 
by x-ray analysis but those of all other atoms have been deter- 
mined with reasonable accuracy; the phosphorus and arsenic 
atoms (to be designated X) lie®-* on site S, but the symmetry of 
the H»XO, ions, if such exist in the crystals, might be of lower 
order. Judging from our data alone it would appear more likely 
that the ionic configuration, XO, or H2XO,, actually contains the 
‘ymmetry element S, and is therefore probably of symmetry Ta. 
If such is the case, we might regard the H2XO, ions, in approxima- 
lon, as a five-particle system: XO2(OH)e. This tetrahedral sym- 
metry might exist in spite of the fact that the frequency resulting 
from the totally symmetric vibration »:(A;) is observed in all our 
pectra with both polarizations although this frequency is for- 
bidden in the infrared by the selection rules for groups Tz and S4. 
In the crystal, nevertheless, such a band might be activated be- 
cause of its combination with a long-wave lattice frequency.®” 
The (72) and vs(T2) bands show splitting into normal and 
parallel bands in agreement with the mapping of the molecular 
soup Tz onto site group S,. Because of the incompleteness of 
Present data, however, we cannot exclude the possibility of a 
ower ionic symmetry, e.g., Cor or C2, and a corresponding lower 
site symmetry. 

Below the Curie point the space group is known*-® to be the 
othorhombic group C2,!*, The central atoms lie on site Cz and the 


The measurements are now being extended to longer wave- 
lengths and will be discussed in more detail in a future paper. 


1 Matthias, Merz, and Scherrer, Helv. Phys. Acta 20, 273 (1947). 

2C. La Lau, dissertation, University of Amsterdam, Amsterdam, The 
Netherlands (1947) (unpublished). 

3S. B. Hendricks, Am. J. Sci. 14, 269 (1927). 

4J. West, Z. Krist. 74, 306 (1930). 

5 R. S. Halford, J. Chem. Phys. 14, 8 (1946). 

6H. Winston and R. S. Halford, J. Chem. Phys. 17, 607 (1944). 

7D. F. Hornig, J. Chem. Phys. 16, 1063 (1948), 

8M. De Quervain, Helv. Phys. Acta 17, 509 (1944). 
= —_ and I. Woodward, Proc. Roy. Soc. (London) 188A, 

1947). 
10 A, Simon and G. Schulze, Z. anorg. u. allgem. Chem. 242, 329 (1939). 
11 J. Gupta and M. P. Guha, Indian J. Phys. 22, 64 (1948). 





The Free-Electron Model and the Diamagnetism 
of Aromatic Hydrocarbons 


M. W. NATHANS 


Great Lakes Carbon Corporation, Research Laboratory, 
Morton Grove, Illinois 


(Received January 24, 1952) 


AULING’S semiclassical treatment! of the diamagnetic 
anisotropy of aromatic systems assumes mobile electrons to 
move freely over the hexagonal network of condensed benzene 
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rings which forms a set of closed circuits. Free-electron models 
which do not differ very much from Pauling’s model have been 
proposed in recent years for the calculation of optical transition 
frequencies of aromatics.2~* Here the unsaturation electrons are 
assumed to move freely on the circumference of a circle of radius 
R. Pauling calculates the molar diamagnetic anisotropy of benzene 
from the expression 


Ax= —n(Ne/4 mc’)p*, (1) 


where m is the number of mobile electrons, and p* the mean square 
of the distance of the electron from the z axis, which is the axis 
of symmetry and the direction of the magnetic field. The aniso- 
tropy of higher condensed aromatics is calculated in terms of the 
Ax if a six-electron hexagon. 

The calculations can be simplified by applying the “spectro- 
scopic” free-electron model and substituting the square of the 
radius of the circle for p?. Two assumptions have been made re- 
garding the value of R. 

(1) The area assumption 


wR?= 5(27/4)4R?, (2) 
where s= number of rings, Ro= C—C distance. In this assumption 


the molecule is replaced by a circle with the same area. 
(2) The perimeter assumption 


2xrR=nR>. (3) 


Here the molecule is replaced by a circle with a perimeter ap- 
proximately equal to the sum of all C—C bonds. 
The results of the calculations are shown in Table I, columns 2 


TaBLE I. Magnetic anisotropy of condensed aromatics. 








1 2 3 4 5 6 7 8 9 
Area 
Area Perimeter assump- Perimeter 











Mole- assump- assump- tion cor- assumption 7 

cule tion tion rected corrected Pauling Observed s n 
CcHe 39 45 39 45 49 54 1 6 
CioHs 143 215 72 108 104 146 2 19 
CusHio 300 590 100 197 159 — 3 14 
CisH10 457 891 114 223 222 222 4 16 
CisHiz 514 1237 129 309 214 218 4 18 
CaHiz® 1200 2972 171 425 572 7 24 
CssHis° 7330 33,850 386 1780 2770 - 19 54 
CosoHu® 25,340 19,220 685 5141 8200 . 37 96 
CsoHis4 1498 5805 214 829 eee 7 30 
CrsHazt = 10,580 102,030 551 5370 see eee §=19 78 
CisoH7s4 39,630 725,620 1070 16,910 see s+ 37 150 

® Anthracene. 


b Phenanthrene. 

© Molecules with sixfold symmetry (Deh). r : 

4 Linear strips of catacondensed benzene rings with the same number of rings as the 
preceding molecules with Deh symmetry. 


and 3, and are compared with Pauling’s results and with the ob- 
served values. The agreement is not very good. The calculated 
values are too high. This is not too surprising, however, since in- 
sufficient account is taken of the possibility of the electrons taking 
shortcuts, which would reduce the effective area of the electron 
orbits. The perimeter assumption in particular tends to lead toa 
contradiction; the more shortcuts for a given number of rings the 
bigger R. In the application to optical transitions the perimeter as- 
sumption may be more satisfactory, since it leads to a zero fre- 
quency for the lowest transition of an infinite ship of catacon- 
densed hydrocarbons in accordance with the results of Coulson 
and Rushbrooke’s® molecular orbital calculations. The area as- 
sumption leads to a finite frequency for such systems. 

Actually, there is a certain arbitrariness in the value of R as 
has been pointed out by previous authors?“ and one might 
correct for the shortcuts by changing R. One may take s as a 
measure of the possibility that electrons take shortcuts and sub- 
stitute R?/s for p* instead of R*. The results are shown in columns 
4 and 5. The agreement is much improved, in particular with the 
perimeter assumption. It is obvious, however, that the theory 
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fails for large molecules. That is also evident from a comparison 
with the experimental value for graphite: Ax= 270 10-*, Pauling 
calculates that the graphitic layers are about 40A in diameter. 
Actually, the layers are much larger. The molecular orbital ap- 
proach is much more promising as has been pointed out recently 
by McWeeny,* although his formulas, too, tend to give excessive 
values for large molecules, at least in the case of the polyphenyls. 

1L. Pauling, J. Chem. Phys. 4, 673 (1936). 

2W. T. Simpson, J. Chem. Phys. 16, 1124 (1948). 

3J. R. Platt, J. Chem. Phys. 17, 484 (1949). 

4K. Riidenberg and R. G. Parr, J. Chem. Phys. 19, 1268 (1951). 

5C. A. Coulson and G. S. Rushbrooke, Proc. Roy Soc. (Edinburgh 


A62, 350 (1948). 
®R. McWeeny, Proc. Roy. Soc. (London) A209, 261 (1951). 





Raman Spectrum of Para-Dichlorobenzene 


S. C. SIRKAR 
Indian Association for the Cultivation of Science, Calcutta, India 
(Received May 11, 1951) 


N a paper published recently in this journal Saksena! has 
pointed out that the data on the Raman spectra of para- | 
dichlorobenzene reported by previous authors and those observed © 


by him can be explained on the assumption that above 32°C 


the para-dichlorobenzene molecule in the crystal begins to rotate | 
freely about an axis perpendicular to its plane. It has, however, | 


to be pointed out that there are certain inaccuracies in this state- 


ment regarding the results reported by previous workers and that 


some of his arguments are not free from fallacies. 


Saksena has stated that although Sirkar and Gupta? failed to | 


observe changes in the Raman spectrum of para-dichlorobenzene 


with change of temperature of the crystal observed by previous | 


workers, he has observed two different sets of lines in the low 
frequency region, one set being the result of the single crystal of 
the substance and the other set the result of a mass obtained by 
suddenly cooling the molten mass; and that Sirkar and Gupta 
observed only one set of such lines. This latter statement is not 
correct, because Sirkar and Gupta observed that when the 
crystal is once cooled in ice and again brought to a temperature 
of 32°C the lines at 40 and 82 cm™ shift, respectively, to 46 and 


92 cm™, while the position of the line at 50 cm™ remains un- | 


changed. These lines are identical with three of the four lines ob- 
served by Saksena in the case of his single crystal. The line at 
27 cm™ observed by him was not observed by Sirkar and Gupta, 
probably owing to the presence of a coma close to the Rayleigh 
line. The changes observed by the latter authors mentioned 
above have thus been overlooked by Saksena. 

It has been suggested by Saksena that Sirkar and Gupta’ failed 
to observe any change in the Laue photograph of single crystal 
of para-dichlorobenzene with change of temperature, probably 
because the crystal studied by them was of the disordered type, 
with each molecule rotating about an axis perpendicular to its 
plane in the crystal. In making this suggestion he has overlooked 
the fact that the same changes of conditions of the crystal which 
produce changes in its Raman spectrum fail to produce any 
change in its Laue pattern. 

Saksena has tried to explain the discrepancies between the 
Raman spectra of mixed crystals of para-dichlorobenzene and 
para-dibromobenzene observed by Vuks‘ and those observed by 
Sirkar and Bishui5 on the assumption that the mixed crystals 
studied by the latter authors were of the “disordered” type while 
the freedom of rotation of the molecules was absent in the mix 
crystals studied by Vuks. In this assumption it has been over 
looked by Saksena that the mixed crystal studied by Sirkar and 
Gupta was once cooled in ice, and therefore the Raman lines 0 
served by them are not those of the “disordered” type. Further, 
it is difficult to understand how in calculating the frequencies af 
oscillations of the molecules pivoted in the lattice the statist! 
average of the moments of inertia of the different molecules ca” 
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be taken, because in the scattering of a single photon only the 
change in polarizability of either a single molecule or a small 
group of molecules is to be taken into consideration. 

Finally, it has to be pointed out in this connection that accord- 
ing to the results obtained by Ray® in the case of some substituted 
benzene compounds, the frequencies of the new Raman lines in the 
low frequency region cannot be correlated with the moments of 
inertia of the molecules about their axes, and also the changes 
which these lines undergo with lowering of temperature of the 
crystals do not support the theory that these lines are the result of 
rotational oscillations of the molecules pivoted in the lattice. 

1B. D. Saksena, J. Chem. Phys. 18, 1653 (1950). 

1§, C. Sirkar and J. Gupta, Indian J. Phys. 10, 473 (1936). 

1S. C. Sirkar and J. Gupta, Indian J. Phys. 11, 283 (1937). 

4M. Vuks, Acta Phys. Chem. U.S.S.R. 6, 327 (1937). 


5S. C. Sirkar and I. C. Bishui, Indian J. Phys. 11, 417 (1937). 
6A. K. Ray, Indian J. Phys. 25 (to be published). 





Effect of Oxygen on the Ferrous-Ferric 
Exchange Reaction* 


Lots Ermer, A. I. MEDALIA, AND R. W. Dopson 


Chemistry Department, Brookhaven National Laboratory, 
Upton, Long Island, New York 


(Received December 17, 1951) 


T has recently been proposed by Weiss! that the rapid exchange 

observed in aqueous solutions between metal ions in different 
valence states may involve the oxidation and reduction of the 
metal ions by other substances present in the solution, such as 
0:, HO, Br-, etc. For example, Weiss suggests that in aqueous 
slutions of ferrous and ferric ions in the presence of oxygen, 
exchange will occur according to the following mechanism: 


Fet* +0, —Fet**++0,- (1a) 
Fe+**++0,-—Fet* +0, (1b) 


with the intermediate formation of the O2- ion. Weiss states! that 
the rate of this exchange should be given by the rate of step (1a), 
with rapid exchange expected in the presence of oxygen, and no 
exchange in its absence, i.e., the rate should depend on the amount 
of oxygen dissolved. 

We have looked for such an effect by measuring the rate of this 
reaction at widely varying concentrations of dissolved oxygen, 
établished by bubbling a stream of argon, nitrogen, air, or oxygen 
through the solutions. A specific set of conditions for the exchange 
was selected from the study by Silverman and Dodson?*->:* to 
stve as a basis for the present investigation. The method of 
separation of the reacting species was that developed by these 
authors, namely, precipitation of ferric hydroxide after the reac- 
io was quenched through formation of the ferrous tris-a-a’- 
tipyridyl complex at pHS. 

A stock solution of ferrous perchlorate was prepared using the 
products of seven successive recrystallizations of G. F. Smith’s 
lrous perchlorate hexahydrate from 8f perchloric acid. It was 
analyzed for ferrous ion by titration with standard ceric sulfate 
and found to be 0.466f. The ferric ion concentration in this solu- 
tion was found to be 1.6X 10% f by spectrophotometric analysis 
ising the thiocyanate complex. 

A 1.33X 10-3 f ferric perchlorate solution was prepared from a 
tydrochloric acid solution of high specific activity Fe®> (obtained 
om the Atomic Energy Commission). The method of preparation 
vas the same as that used by Silverman*¢ but without the addition 
ot inactive iron. In all experiments the ferric ion was the initially 
radioactive species. 

The water used had been purified by successive distillation of 
wdinary distilled water from alkaline permanganate, acid di- 
thromate, sodium hydroxide, and pure water in a continuous 
Pyrex quadruple still. 

Perchloric acid (J. T. Baker Company 70 percent vacuum dis- 
tiled) was diluted and standardized by titration with standard 
“dium hydroxide.It gave negative test for chloride. 
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Sampling Vessel Reaction Vessel 


lic. 1. Apparatus. 


Al! other chemicals were reagent grade. 

Experiment 1. The ferric and ferrous fractions, each in 0.55 
formal perchloric acid and of the reactant concentrations shown 
in Table I, were placed in the separate arms of the reaction vessel 
(Fig. 1) which was then heated in a water bath at 90°C for ten 
minutes while passing water at 0°C through the condenser and 
bubbling argon (Airco, 99.9 percent argon, 0.1 percent nitrogen) 
through the solutions. The argon was first passed through water 
in a gas bubbler at 0°C. The reaction vessel was then immersed 
in an ice bath in a Dewar flask; thirty minutes later the solutions 
were mixed. Aliquots were taken at intervals by tilting the vessel 
so that solution drained out the side arm into the sampling vessel, 
which contained the quenching solution, and through which argon 
was also passed. The amount of sample was determined by weigh- 
ing. It was separately shown that the gas stream caused no sig- 
nificant changes in the weights of the reaction vessel or sampling 
vessel systems. 

Separation and sample preparation were done as previously 
mentioned,?* and samples were counted with an end window GM 
tube filled with 71.5 cm of argon and 2.5 cm of ethyl acetate. 

During each run approximately eight samples were taken. An 
“infinite time” sample (complete exchange) was taken after a 
lapse of about nine half-lives, at which time a total activity sample 
was also prepared by oxidizing an aliquot with hydrogen peroxide 
and precipitating the iron as ferric hydroxide in exactly the same 
manner as the other aliquots. 

Experiment 2. This was carried out just as Experiment 1 but 
with nitrogen (Airco prepurified) passing through all solutions, 
in place of argon. 

Experiment 3. This experiment was planned as a blank run and 
therefore was conducted as closely as possible to Experiment 1 
but with tank compressed air bubbling through the solutions. 

Experiment 4. In this experiment the vessel of Fig. 1 was used 
but tank oxygen (Matheson) was passed through the solutions at 
0°C for 45 minutes before mixing, as well as during the reaction. 

Experiment 5. The technique of this experiment was similar to 
that of Silverman.2* No attempt was made to remove the dis- 
solved oxygen normally present in the aqueous solutions. 

A typical exchange plot is shown in Fig. 2. Since the reaction has 
been shown” to be first order in each of the two reactants, values 
of the specific rate constant were calculated from the reaction 
half-times (obtained from such curves) from the expression 
k=0.693/t;(a+5), where a and 6 are the concentrations of ferric 
and ferrous iron, respectively. The results are given in Table [. 
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It will be noted that the values of & obtained show no trend with 
oxygen concentration, and agree among themselves to within a 
conservative estimate of the experimental error. The close agree- 
ment between the value of & obtained in Experiment 5 and that 
reported by Silverman is particularly gratifying in view of the 
fact that all reagents used in the two sets of experiments came 
from different sources. 
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Fic. 2. Typical rate data. », specific activity of ferric species at time #. 
yo, initial specific activity, of ferric species. Yoo, specific activity of ferric 
species after exchange equilibrium is established. 


In order to estimate the reduction in concentration of dissolved 
oxygen brought about by the de-aeration procedure of Experi- 
ments 1 and 2, solutions of 0.1 M KCl were de-aerated in exactly 
the same manner, then transferred to a vessel (flushed with argon 
or nitrogen) for polarographic analysis with a rotating platinum 
micro-electrode, using a pool of mercury as the quiet electrode. 
The current was measured at —0.6-volt applied potential ; aliquots 
of a solution of 0.1 M KCl, saturated with a gas mixture of 0.5 
percent O2—99.5 percent Nz (Matheson) were then added, and the 
increments in current measured. By extrapolation it was esti- 
mated that the concentration of dissolved oxygen was not greater 
than 5X10-7 M with argon, and 4X10~7 M with nitrogen, thus 
showing a thousand-fold reduction from air-saturated solutions. 


TABLE I. Effect of oxygen on exchange between ferrous and 
ferric iron in 0.55 f HC1O« at 0°C. 











Fett Fett++ ty k 
Expt. Apparatus Gas (fX104) (fX104) (sec) (f-! sec™!) 
1 Fig. 1 Argon 3.79 1.07 1100 30 
2 Fig. 1 Nez 3.58 1.15 1000 1.46 
3 Fig. 1 Air 3.75 1.10 1030 1.39 
4 Fig. 1 O2 3.77 1.13 1040 1.36 
5 Open vessel ** 3.92 1.08 1020 1.36 
6" Open vessel 3.92 1.08 1045 1.33 








® Data of Silverman (see reference 2c). 


The experimental results show that the rate of the ferrous- 
ferric exchange reaction is not significantly affected when the 
concentration of dissolved oxygen is varied by a factor of the 
order of 5000. Inasmuch as the mechanism suggested by Weiss, a 
reversible oxidation-reduction reaction with dissolved oxygen, 
would lead one to expect a rate directly proportional to the dis- 
solved oxygen concentration, we conclude that this mechanism 
is not operative under the conditions of our experiments. 

We are indebted to Dr. Everett Johnson for valuable sugges- 
tions, particularly in regard to the design of the reaction vessel. 

* Research carried out under the auspices of the AEC. 

1 J. Weiss, J. Chem. Phys. 19, 1066 (1951). 

2a R, W. Dodson, J. Am. Chem. Soc. 72, 3315 (1950). » J. Silverman and 
R. W. Dodson, BNL Quarterly Progress Reports (1950): BNL 64 (S-6) 


p. 31, BNL 82 (S-7) p. 54, BNL 93 (S-8) p. 65. °J. Silverman, thesis, 
Chemistry Department, Columbia University (1951). 
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Resonance Energy in Carbonium Ions 


J. HALPERN 


Department of Metallurgy, University of British Columbia, 
Vancouver, Canada 


(Received October 29, 1951) 


IX a recent issue of this journal’ Franklin and Lumpkin haye 
described and discussed the results of their measurements of 
the appearance potentials of various carbonium ions, including 
the allyl and phenyl! dimethyl carbinyl ions in which the positive 
charge is conjugated with a double bond and with a benzene ring 
respectively. The results of their measurements are of great 
interest, as only indirect evidence of the appearance potentials 
of these ions has previously been available. From these data it is 
possible to estimate the resonance energy arising from the con- 
jugation of a positive charge or vacant orbital with adjacent 
a-bonds in a carbonium ion. 

Franklin and Lumpkin conclude that the allyl and pheny] di- 
methyl carbiny] ions in which such conjugation is present have no 
resonance energy. This conclusion is based on their results, 
showing similar appearance potentials for the allyl and propyl 
carbonium ions from the corresponding chlorides and similar 
appearance potentials for the phenyl dimethyl] carbiny] ion and 
the cyclohexyl dimethyl carbinyl ion from the corresponding 
methyl compounds. The assumption was also made that the 
saturated carbonium ions (i.e., the propyl and cyclohexyl di- 
methyl carbinyl ion) possess no resonance energy, although this 
was not demonstrated. In fact this assumption may be questioned, 
since several authors** have drawn attention to the resonance 
energy of these ions. In view of this, an attempt has been made 
to re-examine the results of Franklin and Lumpkin. 

The appearance potential A:g+) of a carbonium ion Rt from 
the molecule R—X is defined as the endothermicity of the 
reaction 


R—X—Rt*+X'+e—A crt). (1) 
Stevenson‘ has shown that A,g+) may be related to the dis- 


sociation energy of the R—X bond Dir-_x) and the ionization 
potential of the R’ radical J(z-) as follows: 


A (r+) = Dir-x) +125, (2) 
where D(r-x) is defined by 
R-—X-R'+X'— Dir_x) (3) 


and J(z-) is defined by 
R'-Rt+e-— T(r). (4) 


The differences in dissociation energies of similar bonds in 
different molecules are due to differences in the resonance energies 
of the molecules and of the radicals formed on dissociation of the 
bond. Since there is no possibility for resonance in the molecules, 
CH, and R—H or in the CH; radical, the resonance energy 
Rx-), of the radical R’ may be expressed as 


Rey = Dicay-m — Dr-n). 6) 

Similarly differences in ionization potentials of different hydro- 
carbon radicals are due to differences in the resonance energies of 
the radicals and carbonium ions involved. Again, since there is 0 


. “ye . + . 
possibility of resonance in the CH; ion, the resonance energy of 
the carbonium ion Rt may be related to the difference in ionization 


potentials of the R’ radical and the CH; radical, thus 


Reat) = [cn —Lar) + Ree». (6) 


Values of I(r), Rcr+), and Rir-) calculated from the results of 
Franklin and Lumpkin! by means of Eqs. (2), (5), and (6) ate 
listed in Table I. The values for CH; are given for comparison 
and serve as the basis of the resonance energy calculations. The 
resonance energies of the radicals are calculated from the differ- 
ences in R—H bond dissociation energies. 

The results in Table I present several striking features. 
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|, All the radicals R° and carbonium ions R* possess reso- 


° + 
rance energies relative to the CH; radical and CH; ion, re- 
pectively. 

2. The resonance energies of allyl and phenyl dimethyl carbinyl 
radicals, in which the free electrons are conjugated with adjacent 
bonds, are considerably larger (by about 15 kcal/mole) than in 
the corresponding saturated (i.e., propyl and cyclohexyl dimethyl 
arbinyl) radicals. 

3, The resonance energies of all the carbonium ions are con- 
siderably larger than the resonance energies of the corresponding 
radicals. 

4, The resonance energies of the allyl and phenyl dimethyl 
arbinyl carbonium ions are approximately the same as for the 
omesponding saturated (i.e., propyl and cyclohexyl dimethyl 
arbinyl) carbonium ions. Contrary to the conclusions of Franklin 
and Lumpkin that there is no resonance in these ions, the reso- 
mance energies are in fact very appreciable, amounting to about 
3-59 kcal in the a!lyl and propyl ions and 81-84 kcal in the 
phenyl dimethyl- and cyclohexyl] dimethy]-carbiny] ions. 

In the unsaturated radicals and ions, the resonance energy is 
the result of the mobility of the z-electrons (w-conjugation energy) 


TABLE I. All values in kcal/mole. 








DiR—H) X° DiR-x) Arr TR) RR) RcR+ 


(from R—X) 





CH 1018 1018 
(Hs-CH2—CH2 958 77 
(H:=CH —CH2 772 = C 588 
-C-CHs 85d 744 

H; 


333> 
256° 
256° 
241¢ 


(" 7 


\ Hs 








‘M. Sewarc, Chem. Revs. 47, 75 (1950). 
>J. J. Mitchell and F. F. Coleman, J. Chem. Phys. 17, 44 (1949). 
*See reference 1. 


‘Estimated to be the same (see reference a) as for R=(CHs:) sC. 


‘Estimated from values (see reference a) for R= —CH:. 


ilustrated by the following resonance forms for the allyl radical 
and ion, 


CH.=CH—CH;?CH,— CH=CH; 
+ + 
CH.=CH—CH.CH.— CH=CH». 


In the saturated radicals and ions the resonance energy has 
been attributed? to hyperconjugation, illustrated by the following 
fsonance forms for the propyl radical and ion: 

HK 
CH;— CH.—CH.**CH;— CH= CH: 


Ht 
+ 
CH;— CH.— CH:«?CH;— CH = CHa. 


From the results in Table I it appears that the +-conjugation 
‘ergy in unsaturated radicals is considerably greater than the 
yperconjugation energy of the corresponding saturated radicals. 

the case of hydrocarbon carbonium ions, both forms of reso- 
‘ance appear to be equally effective. 

Evidence for the same conclusion was recently obtained and 
‘cussed by Evans and Halpern on the basis of their measure- 
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ments of the proton affinities of a variety of alkyl and aryl sub- 
stituted olefins. 


1J. L. Franklin and H. E. Lumpkin, J. Chem. Phys. 19, 1073 (1951). 

2A. G. Evans, The Reactions of Organic Halides in Solution (Manchester 
University Press, Manchester, England, 1946). 

* Baughan, Evans, and Polanyi, Trans. Faraday Soc. 37, 377 (1941). 

4D. P. Stevenson, J. Chem. Phys. 10, 291 (1942). 

5 A, G. Evans and J. Halpern (to be published). 





Resonance Energy of Gaseous Ions— 
Reply to Halpern 


J. L. FRANKLIN AND H. E. LUMPKIN 


Technical and Research Divisions, Humble Oil and 
Refining Company, Baytown, Texas 
(Received January 16, 1952) 


ALPERN! has pointed out again the high degree of stabi- 
lization of alkyl carbonium ions caused by methyl groups 
attached to the charged atom and has attributed this to resonance. 
From this he concludes, contrary to our views,? that the allyl ion 
is stabilized by resonance and that the resonance energy of this 
ion is the same as that of the n-propy] ion. 

That the higher alkyl] radicals and positive ions are more stable 
than methy] will be apparent from a comparison of the C—H bond 
strength of the paraffin with that of methane and the appearance 
potential of the alkyl ion with that of methyl. For example, the 
strength of the C—H bond® is 102 kcal/mole in methane and 
97 kcal/mole in ethane, the difference, 5 kcal/mole, representing 
the increased stability of the ethyl radical. Similarly, the appear- 
ance potentials of the methyl and ethy] ions from the correspond- 
ing paraffins are 3324 and 2955 kcal/mole, respectively. The ethyl 
ion is thus 36 kcal/mole more stable than the methyl. This 
increased stability of the higher alkyl radicals and positive ions 
has been attributed by Halpern,! Baughan, Evans, and Polanyi, 
and A. G. Evans* to resonance on the basis that the radical or ion 
would be a hybrid of the following structures, again using ethyl 
as an example: 


H-—C-—C+ 


H 
| 
C 
| 


H 
III 


H H 
Ht C=C. 
H H 
IV 
Ion 


If there were no stabilization, the C—H bond strength and the 
appearance potential of the ion would be the same as those found 
with methane. From this we can calculate the heat of formation of 
the principal structure (I and III). The energies of structures IT 
and IV are readily calculated as the sums of the AH, of ethylene 
and, respectively, H- and Ht. The values for structures II and IV 
calculated in this way are probably low since both the C—C bond 
length and the hybridization of one of the carbons in the ethylene 
are probably not adjusted to minimum energy, i.e., are not the 
same as in an ethylene molecule at equilibrium. 

Table I summarizes the results of such calculations for several 
alkyls. It will be apparent that the higher ions are stabilized for a 
far greater extent than the corresponding radicals. Resonance 
theory can account for this only if the difference in energies of 
structures IV and III is much smaller than that of structures II 
and I. Actually, from Table I we find the reverse to be true. In 
order to explain the stabilization of alkyl ions by resonance, 
Baughan, Evans, and Polanyi,’ and A. G. Evans® have assumed 
that the energy of structure IV would be much less than that 




















































shown because the proton, being very small, would have no 
significant repulsive energy. If this explanation is correct, we will 
find the stabilization energy to be greatly reduced if one or more 
atoms of high ionization potential are substituted for the hydrogen 
on the CH; group of the ethyl ion. Stevenson and Hipple’ found 
the appearance potential of the 


H H 
Cl C—C+ 
H H 


ion from n-propyl chloride to be 292 kcal/mole. From this we 
calculate the stabilization energy to be 40 kcal/mole, which is 
within the experimental error, a check on the stabilization energy 
of the ethyl ion. The energy of structure 


H H 
Cl* C=C, 
H H 


TABLE I. Energies of “‘resonance”’ structures of alkyl 
radicals and ions, kcal/mole. 











AHy(R*) “ AH" s(R*) 
Prin- Prin- 

Stab. cipal Other Stab. cipal Other 

energy struc- struc- energy struc- struc- 

R Dco—yH* (R’) ture tures Ap+ (R*) ture tures 
CH; 102 0 32 tee 332> 0 262 tee 
CH:3CHe 97 5 30 64 296° 36 260 379 
(CH3)2CH 91 11 25 57 2664 66 255 372 
(CHs3)3sC 86 16 19 49 247¢ 84 249 364 

H 

Cl C—CHe vee see tee wee 292! 40 255 3416 

H 372» 








« See reference 3. 

b See reference 4. 

¢ D. F. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 64, 1588 (1942). 

4 Calculated from the appearance potential of 252 kcal/mole (see refer- 
ence 5) for the i-propyl ion from i-butane. 

© Calculated from the appearance potential of 237 kcal/mole for the 
t-butyl ion from t-butyl chloride (see reference 8). 

f Calculated from the appearance potential of 277 kcal/mole for the 


Cl .“s* ion from n-propyl chloride (see reference 8). 

H H 
« Cl* C=C, 
H H 


Cl 
hHtC =C 
H 
H 


while somewhat below that of 


Cl H 
H*+ C =C, 
H H 


is still much higher than that of the principal structure. Of course, 
Cl* has a much greater radius than Ht, yet the stabilization 
energy of 


H H 
Cl C—C+ 
H H 


is substantially the same as that of the ethyl ion. Although more 
data on this point would be desirable, we are forced to doubt that 
the energy of structure IV is low and hence that more than a 
minor amount of the stabilization of alkyl ions is attributable to 
resonance. 
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We have recently measured the appearance potential of 


H; 
H 


a+e 


from 


the value found being 10.6 volts (244 kcal/mole). From this we 
calculate a stabilization energy of 74 kcal/mole against +CH,, 
Now a simple valence bond treatment of the allyl ion gives a 
“resonance” energy of $a. From Halpern’s calculation of the 
empirical resonance energy we find a= 116 kcal/mole. A valence 
bond treatment of 


gives a value of 0.83 or 96 kcal/mole for the z-electron resonance 
alone. In addition, one would expect about the same hyper- 
conjugation as is found in the ethyl ion, i.e., about 36 kcal/mole. 
If the ion were stabilized by resonance, the stabilization energy 
would be some 58 kcal/mole greater and the appearance potential 
2.5 volts lower than is actually measured. 

Thus, we have serious cause to doubt that either alkyl ions or 
ions with the charge conjugated with one or two double bonds are 
stabilized by resonance. Further, the fact that the n-propyl, 
allyl, and benzyl ions are stabilized by the same amount is a 
coincidence that is indeed striking and suggests that we seek an 
explanation other than that of resonance. Unfortunately, we can 
advance only a tentative partial explanation. Rough calculations 
indicate that the polarizability of a methyl group in the field of 
the ionic charge could result in stabilizing the ion by some 11-18 
kcal/mole. This is only about } to } the total stabilization; how- 
ever, this calculation usually gives results considerably below the 
measured values. Further, since polarizability is largely associated 
with the size of the group, one would expect the allyl and n-propy! 
groups to be stabilized by about the same amount. 

1H. Halpern, J. Chem. Phys. 20, 745 (1952), see preceding letter. 

2 J. L. Franklin and H. E. Lumpkin, J. Chem. Phys. 19, 1073 (1951). 

* Roberts and Skinner, Trans. Faraday Soc. 45, 339 (1949). 

4L. G. Smith, Phys. Rev. 51, 263 (1937). 

6 Baughan, Evans, and Polanyi, Trans. Faraday Soc. 37, 377 (1941). 

6A. G. Evans, The Reactions of Organic Halides in Solution (Manchester 


University Press, Manchester, 1946). , 
7P, F. Stevenson and J. A. Hipple, J. Am. Chem. Soc. 64, 2766 (1942). 





a- and §-Bands in Potassium Bromide Crystals 


CHARLES DELBECQ, PETER PRINGSHEIM, AND PHILIP YUSTER : 
Chemistry Division, Argonne National Laboratory, Chicago 80, Illinois 
(Received January 29, 1952) 


N a paper! published about a year ago we described new typ 
of absorption bands characteristic of alkali halides. In potas 
sium iodide these bands, which we designated as a- and B-bands, 
were ascribed owing to the presence of negative ion vacancies a? 
F centers, respectively. The last paragraphs of that paper mer 
tioned the apparent existence of similar bands in potassium 
bromide in the region below 210 my, and in a report? we stated 
that the a-band in potassium bromide was observed at liquid 
nitrogen temperature at 203 mu. 
Further work with an instrument capable of measurement down 
to 185 my has shown that these two absorption bands whi 


Fic. 1. 


occur b 
a- and 
colored 
a-band 
bromide 


ment ag 
Recer 
the ma 
In addi 
192 mp 
was exp 
at 192 | 
chemica 
note M: 
with ou 
We w 
Martier 
bands a 
isa B-k 
the crys 
of U ce: 
U' banc 
can be 
perature 
suppose 
iscomp! 
hydroge 
those cl 
that at 
Temains 
ion and 
atom is 
of a neg 
ments t 
exactly 
sthe qu 
from thi 





m this we 
nst *CH;. 
on gives a 
on of the 
A valence 


resonance 
me hyper- 
kcal/mole. 
ion energy 
potential 


<yl ions or 
- bonds are 
n-propyl, 
1ount is a 
ve seek an 
ly, we can 
alculations 
he field of 
ome 11-18 
tion; how- 
below the 
associated 
d n-propy! 


atter. 
3 (1951). 


(1941). 
Manchester 


766 (1942). 


rystals 


USTER 
), Illinois 


new types 
In potas 
d B-bands, 
ancies and 
aper mer 
potassium 
we stated 
at liquid 


nent down 
nds which 


LETTERS TO THE EDITOR 





17? 
16 
15 
1a 
1.3 
12 
ut 
1.0 
ag 
06 
Oa? 
06 
Os 
a¢ 
0.3 
0.2 


0.1 il ie 


ae aS ae a 
500 540 580 620 660 700 


WAVELENGTH, mp 


4 
+ 
4 


wae aaa ae eS ee ee 











oun 4 
165 195 205 25 


Fic. 1. KBr crystal x-rayed 10 minutes at liquid nitrogen temperature. 


cur below 210 my in potassium bromide are analogous to the 
a-and 6-bands first observed in potassium iodide. In additively 
colored potassium bromide bleached at — 150°C with F light the 
wband appeared and the f-band was lowered. A potassium 
bromide crystal colored by exposure to x-rays at liquid nitrogen 
temperature showed in its absorption spectrum the F band at 
600 mu, the a-band at 203 my, and the f-band at 193 mu (Fig. 1), 
while a crystal colored at room temperature showed only the 
Fand B-bands. 

At an ionic crystals symposium at the University of Illinois, 
October 29-30, 1951, R. W. Pohl described an experiment in which 
acrystal of potassium bromide containing U centers was bleached 
at liquid nitrogen temperature by light absorbed in the U band. 
This bleaching gave rise to a new band on the short wavelength 
side of the U band which was given the name U’* We repeated 
this experiment because we believed this U’ band to be identical 
with our a-band. The U’ band which we obtained in our experi- 
ment again seemed to coincide with the a-band. 

Recently W. Martienssen has published a short note* which in 
the main contains the data on which Pohl’s talk was based. 
In addition to the U’ band another band with peak at about 
192 mz was observed by him when a crystal containing U centers 
was exposed to U light at room temperature. However, this band 
at 192 my as well as the U’ band was also obtained in photo- 
chemically colored crystals free of U centers. Near the end of the 
note Martienssen mentions that his new bands may be connected 
with our “greek letter bands.” 

We would like to emphasize that all observations described in 
Martienssen’s note can be explained by interpreting the new 
bands as a- and B-bands. The potassium bromide band at 192 my 
isa 6-band and always appears when F centers are formed in 
the crystal, whether by photochemical coloration or by irradiation 
of U centers with U light at a temperature above — 100°C. The 
U' band is identical with, or closely related to, the a-band which 
can be obtained in crystals photochemically colored at low tem- 
perature. If after absorption of light in a U center, which is 
supposed to be a hydride ion replacing a bromide ion, the electron 
completely separated from the ion, and subsequently the neutral 
ydrogen atom also migrates away, the conditions are exactly 
those characteristic of a normal a-center. It may be, however, 
that at temperatures below — 100°C the neutral hydrogen atom 
fmains at the lattice point formerly occupied by the hydride 
on and that the perturbation due to the presence of the hydrogen 
ttom is similar to, but not identical with, that due to the presence 
ofa negative ion vacancy. We hope to carry out further experi- 
ments to determine whether the U’ center and the a-center are 
exactly the same. Another problem to be solved in this connection 
'sthe question of what becomes of the electron when it is separated 
from the hydride ion. 

1 pelbeca, Pringsheim, and Yuster, J. Chem. Phys. 19, 574 (1951). 

See. Cie. Section 1.7, Quarterly Progress Report, Chemistry Division, 

: uary 23, 1951). 


Ww Thomas, Ann. Physik 38, 601 (1940). 
- Martienssen, Naturwiss. 38, 482 (1951). 


Theory of the Ozone Molecule* 


B. T. DARLING AND J. A. WEISS 


Department of Physics and Astronomy, The Ohio State University, 
Columbus, Ohio ; 


(Received February 1, 1952) 


HERE are two special features which distinguish the theo- 
retical treatment of the ozone molecule from that of the 
usual nonlinear triatomic molecule. These are the existence of 
three equivalent equilibrium configurations (in the case of an 
isosceles model) and the further requirement, for O;'*, that the 
wave functions be symmetrical under all permutations of the 
atoms. Furthermore, the usual treatment of molecules possessing 
isomeric forms cannot be applied because the molecule possesses 
more symmetry than can be described by the geometrical point 
groups and the rotation group; with the operations of these 
groups it is not possible to perform cyclic permutations of the 
nuclei. In order to investigate the situation we have used a 
coordinate system in terms of which these features may be con- 
veniently described. 
First, the set of three interatomic distances (71, r2, rs) specifying 
a configuration of the molecule is represented by a point in a 
three-dimensional rectangular coordinate system. We then adopt, 
in place of (r1, r2, 73), the coordinates (u, z, x) defined as shown 
in Fig. 1. Point 1 in the diagram represents an isosceles triangle 


% 








"2 


Fic. 1. 


of obtuse apex angle, and points 2 and 3, the two triangles ob- 
tained from it by cyclic permutations. The variables u, z, x corre- 
spond roughly to the normal coordinates of a nonlinear triatomic 
molecule, with u~v1, z~v2, x~v3. The existence of three equi- 
librium configurations is accounted for by requiring that the 
potential be periodic of period 3x in x. It must also be an even 
function of x. 

With the choice of principal axes as body-fixed axes and the 
requirement that the configuration vary continuously with x 
relative to these axes, we find that the operations which superpose 
the molecule upon itself are: variation of x from xo to xo+ 4 
with rotation of the body-fixed axes through w about the axis 
perpendicular to the plane of the nuclei, and variation of x from 
xo to —xo with rotation of the body-fixed axes through x about 
a specified principal axis in the plane of the nuclei. 

Choosing the angular momentum diagonal in the component 
perpendicular to the plane and applying Bose statistics, we obtain 
the following symmetry properties of the vibrational states: they 
occur in pairs, one described by a periodic wave function 
Fn3(x+3x) =Fna(x), the other by an “antiperiodic” function 




















































748 LETTERS TO 


Gn3(x+ 42) = —Gn3(x), associated with even K and odd K, respec- 
tively, where K is the component of angular momentum per- 
pendicular to the plane of the nuclei. We find that an estimate of 
the barrier height between the equilibrium configurations x=0 
and x=$r, etc., based on the known features of the infrared 
spectrum, leaves these pairs degenerate to a very good approxi- 
mation for the lowest vibrational states. 

The 1040 cm band of the solar ozone spectrum, as observed 
by Howard and Shaw,' apparently consists of three series of lines, 
such as would be expected for a very nearly symmetric rotator. 
For the obtuse isosceles equilibrium configuration of ozone we 
should expect alternate lines to be absent from two of the series. 
The fact that there are no missing lines suggests (in addition to 
the acute-angled model) the following possibilities: that the 
nearly-equal moments of inertia are sufficiently different, as in 
the obtuse-angled model of Hughes,? to produce additional lines 
giving the appearance of series as observed, or that the equi- 
librium configuration is not isosceles but nearly-isosceles, giving a 
potential in the form of a threefold double minimum. Analysis of 
the 1040 cm™ band in the light of these hypotheses is in progress. 

* Supported in part by a contract between the Geophysical Division of 
the Air Force Cambridge Research Center and the Ohio State University 
Research Foundation. 


1J. N. Howard and J. H. Shaw, private communication. 
* Richard H. Hughes, Phys. Rev. 85, 717(A) (1952). 





The Application of the Hammett Equation to the 
Dissociation of Aromatic Free Radicals 


NEWTON SCHWARTZ AND WAYNE K. WILMARTH 


Department of Chemistry, University of Southern California, 
Los Angeles, California 


(Received December 26, 1951) 


HE Hammett rho-sigma equation! which correlates the 

effects of meta- and para-substituents in aromatic systems, 
has proved valid for free radical reactions in a single instance, 
although it is frequently mentioned in the discussions of such 
systems. It is generally recognized that it fails to predict the 
relative dissociation of the hexaphenyl ethanes, where all sub- 
stituents increase the dissociation constant. Similarly, evidence 
has recently been presented indicating that the energies of dis- 
sociation of the benzyl bromides, forming benzyl radicals and 
bromine atoms, are lowered by substituents with either positive 
or negative sigma-values.? The only published instance where 
free radical dissociation has been successfully considered from the 
Hammett viewpoint is the unimolecular rate of dissociation of 
benzoyl] peroxides to benzoy! radicals.? However, these systems 
are relatively insensitive to substituent effects (the rho-value for 
benzoyl peroxides is equal to —0.3). 

If generalizations can be drawn from so few examples, the 
results would indicate that the formation of carbon radicals 
cannot be treated in this manner but that other radical systems 
might prove more amenable. Since the only successful application 
of the equation involves the calculation of rate constants, a corre- 
lation of dissociation constants, in even a single instance, would 
greatly strengthen the probability that the equation was of some 
general validity. Goldschmidt and his school of workers,*® pre- 
pared and determined the equilibrium constants of the substi- 
tuted 1,1,4,4, tetraphenyl-2,3 dibenzoy] tetrazanes (Fig. 1), where 
R,; and R2 were —-OCH;, —CH;, —H, —Br, —NOz. Despite the 
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Fic. 1. Dissociation of the tetrazanes. 
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TABLE I. Equilibrium data for the tetrazanes. 
Ri R: aa Solvent logK logk/ko cite: 
OCH; H —18 acetone —1.85 +1.49 —0.268 
ae —18 @CHs —1.97 +1.37 —0.268 
CHs CHs —18 @CH; —2.17 +1.17 —0.340 
CH: H —18 $CHs —2.76 +0.58 —0.170 
H H —18 ¢@CH3 —3.34 0 0 
—18 CHCIls —2.03 
—18 acetone —3.23 
Br H —18 ¢@CHs —3.92 —0.58 +0,232 
Br Br —18 $CHs —4.24 —0.90 +0464 
NO2 H —18 CHCl; —3.48 —0.14 +0.778 
a —18 ¢@CHs —4.79 —1.45 +0.778 
NO? NO2z 0 CHCl; —5.62 —2.28 +1.56 
b —18 @CH3 —6.03 —4.73 +0.56 








® Approximated by logK ¢CH: =logKx+(logK® ¢CH3:—logK*) where K 
and K® are the dissociation constants for the substituted and unsub- 
stituted compounds, respectively, and X is the solvent in which the com- 
pound was actually determined. 

b Approximated by assuming heat of dissociation as 20 kcal/mole and 


use of van’t Hoff equation, followed by use of above equation. 


shortcomings that some of the radicals were studied in different 
solvents, and in one case at a different temperature, their data 
was subject to a rho-sigma treatment in this laboratory with 
approximate corrections for solvent and temperature effects (see 
Table I and Fig. 2). The results of the plot indicate that this is 
indeed a free radical equilibrium system in which the relative 


log k/ko 


values of the dissociation constants can be predicted using the 
conventional sigma-values. The five compounds determined in the 
same solvent define a straight line with a rho-value equal to —206, 
indicating that the dissociation of the tetrazanes is strongy 
influenced by the various substituents. The compounds deter- 
mined in chloroform and acetone scatter about this line whet 
approximate corrections are made; if these corre 
the results still approximate linearity (i.e., sati 





+2 


+)F 




















i 
an 
’ R-RzBr CH“ \ | 
e 
~2F gaat | 
R=Rz NO, 
-3 - o 
-4 7 4 
Underlined Symbols are Solvents 
@ Corrected Values O5cH, -18C) 
+ . O Experimental Values 
-1.0 -05 O #05 +10 15 +20 


Fic. 2. Hammett rho-sigma for the tetrazanes at —18°C. 
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that substituents with positive and negative sigma-values act in 
opposing directions). 

To establish firmly the above conclusions, work is underway to 
investigate the tetrazane system. Compounds with meta- and 
jora-substituents, mixed substituents, and substituents on the 
benzoyl ring will be determined in the same solvent. For the 
latter case, the previous workers determined only the effects of 
the -NO2 and —OCH; groups; these points have not been in- 
duded on the graph since they involve a different aromatic ring 
and the probable error was somewhat greater in these studies. 
An attempt will also be made to extend the range of sigma- 
values in order to test the recent proposal that a curvature should 
arist in such a plot.’ 

iL. P. Hammett, Physical Organic Chemistry (McGraw-Hill Book Com- 
gany, Inc., New York, 1940), p. 184. 

?Szwarc, Leigh, and Sehon, J. Chem. Phys. 19, 657 (1951). 

tSwain, Stockmayer, and Clarke, J. Am. Chem. Soc. 72, 5426 (1950). 

‘Goldschmidt, Wolff, Wolffhardt, Drimmer, and Nathan, Ann. Physik 


437, 194 (1924). ‘ 
’St. Goldschmidt and J. Bader, Ann. Physik 473, 137 (1929). 





Paramagnetic Resonance Absorption of Microwaves 
R. T. WEIDNER AND C. A. WHITMER 


Department of Physics, Rutgers University, New Brunswick, New Jersey 
(Received December 26, 1951) 


N a paper of the above title by Lancaster and Gordy! con- 

clusions are drawn concerning the presence or absence of 
achange interaction in paramagnetic salts on the basis of shape 
amalyses of the resonance curves from powdered samples. We 
wish to point out that the experimental conditions for these 
measurements, in which the effects of anomalous magnetic dis- 
persion were present, may affect the observed “absorption” 
curves considerably. 

The presence of exchange interaction is deduced from the ratio 
of the root mean fourth moment to the root mean second moment 
fan absorption line; this ratio increases over the value 1.32, 
characteristic of the Gaussian shape, when exchange is present. 
The absorption curves for a resonance showing exchange inter- 
action is then relatively narrow at the peak and strong in the 
wings, Clearly, the fourth to second moment ratio is very sensitive 
tosmall absorption in the wings of a line under the most favorable 
experimental conditions. 

As Lancaster and Gordy point out, the observed signal register- 
ing the resonance will contain contributions from absorption 
alone only if the dispersion effects are removed by tuning the 
sample cavity or oscillator frequency at each magnetic field. In the 
balanced bridge method used by Lancaster and Gordy this pro- 
cedure was not followed, and therefore both absorption and dis- 
persion, i.e., both the imaginary and real parts of the microwave 
susceptibility of the sample, x” and x’, contribute to the observed 
inal. For sufficiently weak absorptions the unbalance power in 
abridge is proportional to x’2+ x’; if a single resonance line 
having a Lorentz shape is observed, x’?+ x’ is closely propor- 
tional to x”, which measures true absorption.? A properly un- 
balanced bridge will register pure x’ or pure x” when voltage 
unbalance rather than power unbalance is measured.* 

The dispersion effects distort the line shape most severely when 
unresolved lines occur in the resonance. Lancaster and Gordy 
tmark that a multiplicity of lines in the spectrum will tend to 
blunt the shape, and therefore give the opposite effect of exchange 
larrowing. If, however, there are x’ contributions to the observed 
Signal, the interference or cancellation of x’ in the regions between 
adjacent lines may tend to narrow the observed shape near the 
peak and broaden it in the wings, where x’ contributions from the 
“veral lines will constructively interfere. This effect is all the 
hore important in influencing the over-all absorption shape when 
itis recalled that the maximum value of | x’| for a single resonance 
may be one-half the maximum value of x”. 

We have found the distortion effect of x’ to be quite large for 
Some salts. Figure 1 shows the “absorption” for a single crystal of 
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Fic. 1. Resonance curves for a single crystal of ferric ammonium sulfate. 
The de magnetic field is perpendicular to the (110) face; the frequency 
is 9375 mce/sec. In curve A the ordinate is x’2+-x’"2; in curve B the ordi- 
nate is x’’. 


2500 


ferric ammonium sulfate. In curve A, x’*+ x’ is plotted as 
ordinate; in curve B, x” is plotted. The interference in x’ clearly 
produces the asymmetry in the over-all shape in curve A. Curve B 
was obtained by retuning the oscillator frequency at each value 
of the magnetic field to remove the effects of x’. The procedure 
for making these measurements is more fully described in a 
forthcoming article.‘ 

Lancaster and Gordy report an asymmetrical shape for ferric 
ammonium sulfate. In view of these observations it appears to us 
that the evaluation of moment ratios without: consideration of 
dispersion effects is highly questionable. 

1F, W. Lancaster and W. Gordy, J. Chem. Phys. 19, 1181 (1951). 

2 Whitmer, Weidner, Weiss, and Hsiang, Phys. Rev. 74, 1478 (1948), 


3G. E. Pake, Am. J. Phys. 18, 473 (1950). 
4R. T. Weidner and C. A. Whitmer, Rev. Sci. Instr. 23, 75 (1952). 





Emission Spectrum of HCl in the Near Infrared* 


ROGER NEWMAN 


Gates and Crellin Laboratories of Chemisiry,t+ California Institute of 
Technology, Pasadena 4, California 


(Received February 5, 1952) 


HE infrared emission spectrum of a Cl,, NH3 flame was 

studied in the hope of observing the vibration-rotation 
spectrum of NH or NH; free radicals in the fundamental region. 
In this respect no success was obtained. In this flame, however, 
a portion of the HCl emission spectrum was observed which 
showed features of interest. For convenience subsequent work 
and that reported here was done with a Cls, Hy flame. As the 
spectrum of this flame in the near infrared has, to our knowledge, 
not been previously reported, a brief description of the results 
seems worthwhile. 

The flame consisted of a jet of chlorine burning in an atmosphere 
of hydrogen. The combustion was carried out in a tube open 
toward the tip of the flame. The flame was viewed axially by a 
vacuum grating spectrometer! equipped with a‘cooled PbS cell. 

Because of the high degree of vibrational and rotational excita- 
tion in the flame-produced HCl molecules, portions of their 
spectrum are made accessible which are not observed in the usual 
absorption measurements.?~* Figure 1, showing part of the funda- 
mental and first overtone bands, illustrates some of the effects 
accompanying such excitation. 

The R branch band heads have been definitely observed for the 
(1—0), (2—0), and (3—1) transitions. These have been recorded 
at 3181.0, 5833, and 5620 cm™!, respectively. The empirical 
equations® for the rotational structure observed in absorption 
predict the values 3174, 5836, and 5629 cm™ for these heads. In 
calculating the last quantity it was assumed that the convergence 
of the (2—0) and (3—1) bands was the same, which seems to be 
the case to a good approximation. The (2—1) band head is not 
too readily seen; we believe it to be the partially overlapped 
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Fic. 1. A portion of the fundamental (lower figure) and first overtone bands (upper figure) of HCI in emission. The traces shown are uncorrected 
for changes in detector sensitivity. In the upper figure primes refer to the (3-1) transition, unprimed quantities to the (2-0) transition. 
The numbers in parentheses refer to the J level in the lower state. 


maximum at 3063 cm~! (predicted value 3070 cm~!). The weak _ment of the best estimates of 7.i, and Trot is probably accidental; 

(4—2) head is probably obscured by overlapping lines. however, these figures are not unreasonable in comparison with 
In the figure we have indicated the frequencies of some of the the maximum temperature attainable from the He, Cl: reaction, 

higher J lines of the (1—0) band. These frequencies are good only namely ~3000°K. 

ye about 0.5 cm™. Thes e new data are, unfortunately, in- * This investigation was supported by the ONR under contract Né6-ori 

sufficiently accurate to justify a refinement of the formula repre- _102, VI. 


i j j j + Contribution number 1659. 
senting the rotational fine structure. With more regard paid to the | Badger, Zumwalt, and Geguére, Rev. Sci. Instr. 19, 860 (1948). 
design of the flame, higher accuracy could no doubt be obtained 2C, F. Meyer and A. A. Levin, Phys. Rev. 34, 44 (1929). 


and such a refinement could be made. OE hints, Naisreien 29° 470 oa 89, 474 (1934). 


The pattern of the overtone band is complicated by the super- 5 W. F. Colby, Phys. Rev. 34, 53 (1929). 
position of the (2—0) and (3—1) transitions. The individual lines * B. L. Crawford and H. L. Dinsmore, J. Chem. Phys, 18, 983 (1950). 
have been assigned as indicated in the figure. 

A completely unambiguous estimate of rotational temperature 
from the data of the (1—0) band has not been made. The peak 
intensities of the well-resolved lines could not all be fitted to a 





single temperature parameter. Thus, for example, while the band Refined Free Electron Model of Porphine 

maximum (J’=12 or 13) indicates a Tro24500°K, the intensity and Tetrahydroporphine 

distribution of the lines for J’$13 seem better fitted by a Cadetotes Ueeteieies sath Mane Ten 

Trot22500°K. The discrepancy is perhaps due to reabsorption Glass Research Institute and Chemical Institute, Faculty of Science, 

by the HCI present in the cooler portions of the flame and in the Tohoku University, Sendai, Japan 

exhaust gas. If this is the case, then the 2500°K figure is probably (Received February 5, 1952) 

the more reliable. ee , HE electronic structures of porphine and tetrahydroporphine 
Our estimate of vibrational temperature is also not free from have been studied theoretically by several authors; Longuet- 


uncertainty. For purposes of calculation it is assumed that (1) the Higgins, Rector, and Platt! adopted the simple LCAO MO method 
peak intensities of the (2—0) and (3—1) band heads characterize and Simpson? and Kuhn,’ the perimeter-free-electron model. 
their respective band intensities; (2) the reabsorption at the The present writers’ calculation is based on a refined free- 
band heads is small; (3) the ratio of dipole matrix elements electron model, which takes into account explicitly the effect of 
M3:/'M xp is equal to v3. On this basis Tyi,<22500°K. The agree- _ the cross links and hetero-atoms. 
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The molecular skeleton of porphine is divided into twelve parts 
«ix, in tetrahydroporphine) each of which has its r-electron wave 
function “1, #2, +++; respectively (Fig. 1). The total one-electron 


Eu 
That Soy 


Porphine Tetrahydroporphine 


Fic. 1. Structures of porphine and tetrahydroporphine. 


wave functions W’s are constructed by connecting u’s so as to 
make W’s the bases of the irreducible representations of the sym- 
metry groups D4, (porphine) and D2, (tetrahydroporphine), so 
that u’s must have one of the forms, 


acos@x, bsinax, or acosax+b sinax. 
For example, those belonging to the species Ai, of D4 are 


written as 


Uy =Ug= U7 = Uo =], SiNGX, = U2=Us=Ug= U4, = 2 Sinwx, 
U3= Ug= Ug = Uy 2= 53 Sindx, 


where x is measured by the one bond length / as a unit, and @ is 
related to the orbital energy E by the formula, 


E=(h?a*) /(8x?mil?). 


Moreover, ¥’s are required to be one-valued and continuous at 
the point of connection.‘ 
These requirements are fulfilled by the following set of relations 
for the above species: 
b; sin3a@—b2 sin2é=0, 
b; sin36+3 sin2a=0, 
b; cos3+ be cos2@— bs cos2a=0, 


which leads to a determinantal equation, 
sin3a —sin2@ 0 
sin3@ 0 sin26| =0. 
cos3a@ cos2@ —cos2@ 


The energy levels are computed by solving this equation for @. 
An entirely similar program is followed for the other species. The 
calculation is calibrated with the “color” of benzene.* 

The singlet-triplet centers of gravity of several long wave- 
length transitions thus obtained are shown in Fig. 2 (a), and close 
agreement with the results of LCAO MO method is found there, 
except that, in porphine the two transitions A1,—£Z, and B2,—E, 
come out on the well-spaced positions and in tetrahydroporphine 
the transition Bi,—B3, (24,000 cm-!, 1) is of shorter wave- 
length than the transition B,,—B2, (23,000 cm-, ||) in contrast 
with the LCAO results where the situations are reversed. 

The effect of a nitrogen atom is taken into account by assuming 
4 potential box of a certain length (one or two bond lengths) and 
depth V in place of the nitrogen atom. 

The shift of a transition W4—>Wz, thus caused, is given as 


+5 
Vf, eet watax 


by the first-order perturbation theory. 

Several choices of the length and depth lead to the results 
shown in Fig. 2(b), (c). 

In tetrahydroporphine the replacement of the two amino- 
utrogens by the boxes (one bond length, V=23,000 cm~) 
Presents the results considerably different from those of LCAO; 
the insertion of shallow supplementary boxes (V’+0.3 ev) at 
‘te two aza-nitrogens or the extensions of lengths of boxes 
cause no significant changes. The computed 13,300 cm™, 16,400 
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Fic. 2. Comparison of calculated with observed electronic energy states. 


Porphine: 
(a) V=0, 
(b) V=23,000 cm™, two bond lengths. 


Tetrahydroporphine: 
a) V =0, Vy’ =0, » 
(b) V=23,000 cm-!, V’=0, one bond length, 
(ec) V=21,250cem™, V’ =2125 cm™, one bond length. 


cm~!, and 24,100 cm~ (Soret) transitions agree very well with 
the observation (Table I) and no transitions are computed near 
the observed 19,000 cm™ (?) band. In agreement with the con- 
clusion of reference 1, the predicted Soret and 13,000-cm~ bands 
are polarized || along, and 1 to, the long axis of the molecule, 
respectively, and remembering that this molecule is the typical 
case of the “‘long-field” spectra,> the predicted sequence may be 
expected to agree well with the observation. 


TABLE I, Comparison of calculated centers of gravity 
with observed singlets. 








Calc* Obs 
(cm~!) (cm~!) 


LCAO» 
(cm~!) 


Trans. 


Molecule type 





Porphine Aon —E, 9300 9000 


(15,600) 16,000 (14,500) 


+E» 20,200 21,300 


(20,200) 19,000 (16,500) 
26,800 
(25,600) 


23,300 


25,000 
21,300 
(30,100) (23,000) 


8900 
(13,300) 


8700 
(13,200) 


Tetrahydro 
porphine 


16,100 
(10,300) 


+B 16,200 


(16,400) 
23,000 
(24,100) 


24,100 
(29,700) 


30,300 
(27,200) 


23,000 
(27,200) 


Buu > By 


By — Big 22,200 


(21,000) 


30,400 
(24,300) 


A oY —By tL 








® Predicted energies in brackets are corrected for N atoms. 


Potential boxes: Porphine; 2 bond lengths, V =23,000 cm™!. 
Tetrahydroporphine; 1 bond em 5 — cm™!, 


b See reference 1. 








752 





In porphine, four nitrogen atoms are assumed equivalent to 
each other. Although this molecule is one of the representative 
instances of the “round-field” spectra,’ where the configuration 
interaction is supposed to play a more important role than in 
the former case, the predicted sequence is not so far from the 
observation, if the potential boxes are extended to two bond 
lengths and if it is allowed to infer from the experimental absorp- 
tion curve® that the absorption maxima might plausibly exist 
at 16,000 cm, 19,000 cm™ (center of gravity of the bonds 
500~600 my) and 25,000 cm (Soret). 

The authors express their hearty thanks to Professor H. 
Tominaga for his encouragement in the course of this work. 

1 Longuet-Higgins, Rector, and Platt, J. Chem. Phys. 18, 1174 (1950). 

2W. T. Simpson, J. Chem. Phys. 17, 1218 (1949). 

3H. Kuhn, J. Chem. Phys. 17, 1198 (1949). He says he has made a more 
elaborate calculation, but its details are not available to us. 

4 Y. Oshika, Busseiron-Kenkyu 29, 16 (1950) (Japanese). 


‘J. R. Platt, J. Chem. Phys. 18, 1168 (1950). 
6 J. G. Erdman and A. H. Corwin, J. Am. Chem. Soc. 68, 1885 (1946). 





The Second Virial Coefficient of a 6-9 Gas 
at High Temperatures 


Leo F, EPSTEIN AND CELESTA J. HIBBERT 


General Electric Company, Knolls Atomic Power Laboratory,* 
chenectady, New York 


(Received January 31, 1952) 


HE second virial coefficient! of a gas which satisfies a 
Lennard-Jones 6-9 potential 


U(r) =e[2(ro/r)®—3(r0/r)®] (1) 
can be obtained from the expression 
B(T)=2eN [~ r°[1—exp(—U()/kT) Mr. (2) 
Writing 
B(T) =(2xNr03/3)G(0) (3) 
and 
0=e/kT (4) 
it follows* ti.at 
Gy(8) i ce (21/3/3) > a,0"t0/3 (5) 
n=0 


where 





27\ "13/1 2n—1 
n=(7 ( r(- 3 ): (6) 


The convergence properties of this series are such that it is difficult 
to evaluate Go(6) for large values of @, i.e., at low temperatures. 
It has been summed, however, for the range 0£ @¢2 using 
punched card computing machine techniques such as have pre- 
viously been employed in determining the corresponding functions 
for a 6-12 potential.» > The results are given in Table I. In 
addition to the function G»(@) itself, the first three derivatives 
have been computed and tabulated 


d'G(0) /d0*= Gy'(8) = —(2"/3/3) > Bn Oeti—80)/8, (7) 
n=O 


where 
a,°=a, and G,P(0)=G,(4) (8) 
as defined by Eq. (6) and 
a,*t1=(1/3)(n+1—3i)an* for i120. (9) 


All these computations were made by setting up the machines to 
carry the problem through with ten significant figures, and fifty 
terms in the series expansions were used. The final data have been 
rounded off to eight significant figures. These tables have been 
checked by differencing, out to the fourth differences in all cases, 
and in some regions to the sixth difference. Analysis of the results 
shows that the tables are accurate out to the last significant 
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TABLE I. Second virial coefficient and related functions for a 6-9 potential, 

























































4 Gy GF (8) Gy" (@) Goi"* (9) 

DD 2H. 2603 6942 tA IIS 5184 =40.32.37 2. 2322354.,.39 0 
0.02 * 0.2886 4795 71-5507 606 7174-3587 4 35730-6185 
2.03 +0.2973 9512 22.3454 5219 3.59 a2 <SO71+0931 
0.04 *0.2973 5668 -0,2968 6536 =49-4603 63 *2257.5453 
2.905 + 0.2922 3662 -0°2002 5286 -32+9325 43 $1200.4922 
0.07 *0.2728 9656 -1-18646 325 “17-8911 O07 4459-7630 4 
2.08 £0.2602 2523 -41, 35433 167 14,0886 S64 #313:2137 
0.09 *0.2461 3554 -1-4702 215 “11-4421 83 *222.8904 7 
9.310 +0. 2308 9542 1.5745 784 - 9.5267 348 *164.3685 

- = + 
0.12 + 0.1976 rE -1-+7376 its =7.0009 865 *96.3386 79 
0.13 + 0.1799 7889 =1.s8031 747 = 6.1440 388 +76,097 
0.14 + 0.1616 5194 =1-86610 785 = 5.4616 715 761-0988 se 
0.15 +0.1427 7775 ~1.9128 425 + 4.9100 300 249.7406 37 
0.17 *0.1035 9922 -2.0022 648 SHIH Y * 34.1324 36 
0.18 + 0.0833 7782  -2.0414 938 = 3.7708 691 * 28,6867 4 
0.19 +0.0627 7693 ~2.0778 452 = 3.5066 967 * 24.3062 15 
2.20 20.0418 2903 ~Z2s.iii7 S593 >= 3.2820 487 220.7427 10 
D214 20.0205 5047 ~ 2.1435 938 >3.0827 306 217.8142 83 
0.22 =0.0010 3690 =2.1736 427 -2-9241 O11 *15.3655 25 
0.24 =0.0450 7544 2.2293 186 =2.6559 540 *11.6422 61 
2.25 = 0.0574 9955 =2.2553 214 = 2.5462 906 21051892 56 
O26 =0.0901 7847 =2.2803 034 = 2.4514 642 $£.9479 40 
0,27 -0.1131 0263 2.3043 691 = 2.3674 5i2 *7.8610 697 
O° 28 = O0°1342 6362 =2.3276 B54 = 2.2933 609 $6°9589 207 
0.29 -0.1596 5401 -2.3502 649 = 2.2278 691 *6.1578 149 
2.30 2.1832 4726 ->2.3722 678 ~Z2s i698 661 5.4583 20) 
O31 20.2070 9755 =2.3937 041 = 2.1184 166 + 4.8447 698 
0.32 -0,2311 3973 -2.4146 553 = 2.0727 275 4.30462 678 
A332 0.2553 89224 -2.4351 756 _ = 2.0521 234 38261 6S 
0.34 -0,2798 4196 -2.4553 128 1.9960 258 *3.4016 ter 
ASS 2 0.3044 9454 = 2.4751 094 = 1.9639 373 + 30232 340 
236 22.3293 4314 = 2.4946 034 =1.9354 281 + 2.6848 155 
0.37 = 0.3543 8551 -2.5136 287 = 1.9101 253 *2.3811 275 
A380. 3796 1692  =-2.5328 156  -1,.8877 046 +2.1077 339 
0.39 -0,4050 4112 2.5515 914 -1.8676 823 *1.8608 Sé2 
2.48 =-0.4306 5013 ~42..5701 810 ~ 1. BS04 O99 21.6372 7214 
M412 0.4564 4420. 2.5 BBG 067 =1.8350 685 24.4342 023 
0.42 = 0.4624 2179 =2.6068 689 71.8216 654 *1.2492 633 
O.43 -0.5085 8156 -2.6250 459 _=1.8100 297.3 .0803 900 
0,44 -0.5349 2234 -2.6430 948 -1.6000 101 *0.9257 914 
0.45 O.5414 43534 = 2.6610 S514 ~1.22i14. 716 40.7839 088 

s : : 

° 0.6150 2 246967 412 -1-7783 2 70.5330 1 
O48 __- 0.6420 7775 _-2.73468 003  __ = 34,7736 033 Gu s2it tee 
0.49 = 00,6693 1136 -2. 2 168 -1.7699 O74 0,316? 150 
0°50 = 9.6967 2198 ~2,7499 015 = 1.7672 045 20.2230 430 
£5 =~ 0.7243 0932 =2.7675 639 1.7654 243 20.1340 321 
“oO. 5 : -0.7520 7321 -2.7852 129 ~aeness 037 0.0810 438 
0.53. -0.7800 1356 -2,6028 567 -1.7645 853-0 ,0264 + 
0.54 -0,8061 3035 -2.8205 O31 -1.7650 171 -0,0990 777 
0.55 = 0.8364 2365 =2,838}3 594 =1.7663 519 = 0.1671 689 
$34 $3534 4036 <2 76735 264 -1.7709 628 =0,2914 422 
0:58 ~ 0.9223 6426 =2,8912 535 21.7741 643 03483 
0.59 -0,9513 6556 -2.9090 135 -&.7779 186 =0,4020 763 
0°60 = 0.9805 4466 =2.92668 136 ~1.7821 964 = 0.4529 962 
0.62 ~ 2.0394 380 -2.9625 546 -1.7922 147 70,5472 402 

= eS SS) ee Ee 

0.64 -1,0990 483 -2.9965 142 -1.8040 275 -0,6327 005 

45 1.1291 238 -3.0165 68468 21.8105 S553 20.6725.7222 















. : . -3.14 -1.86653 -0.9107 485 
o.73 -1.3763 081 -3.1638 906 = a 
0.74 -1.4060 409 -3.18626 940 -1.6651 414 0.9687 096 
2.75 -~1.4399 6243 -3.2015 943 1.8949 677 -0.9964 116. 




























; = 2.8381 066 3.4368 955 2.0324 24 ~1+2827 737 
2.88 ~1,8725 774 3.4572 843 2.0453 Sao =1.3039 Bit 
0.89 -1.9072 527 3.4778 034 2-0585 027 =1+3249 183 
2.29 >1,2421 339 3.42984 550 2.0718 S54 ~1.3456 081. 
—i._.21 i..§8772 223 =31.5192 412 ~2.DBSA LAL = 113660216. 
0.92 -2,0125 192 =3.5401 640 -2.0991 763 1.3863 288 
0,94 -2.,0637 441 -3.5824 274 -2.1273 037 -1.4262 980 
O° 95 221196 750 = 3.6037 721 = 2.1416 655 1.4460 442 








figure given, although it is difficult to conceive of any physical 
problem where such accuracy would be required. The zeros and 
turning points of the functions are listed in Table II. ' 
It is of interest to compare the results for a 6-9 potential with 
those previously derived for a 6-12 potential.* From Fig. 1 it 8 
evident that there is a striking similarity in the shape of the two 
curves. In fact, over a limited temperature range Gi2(0) can be 
approximated by AG»(a@), where A and a@ are constants with 
quite reasonable accuracy. It is this fact which makes it nearly 
impossible to distinguish between a 6-9 and a 6-12 (or, perhaps, 
almost any other repulsive power) from second virial coefficient 
measurements. With a slightly different value of €/h, correspond- 
ing to the multiplying factor a, and a simultaneous change 10 f 
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tential TABLE II. Points of special interest in Go(6). TABLE I. Breakdown strengths found using rectangular voltage pulses. 
ial, 











Gs(4) Gs’ (8) Gs’’(8) Gs’""(8) Maximum 

Gap width previously 

0 +0 —2 +2 B.D.S.* used reported 

00347 25119 +0.2981 7550 0 —64.0435 08 +3362.6992 Liquid found (microns) values Author 

0.2195 2281 0 —2.1722 456 — 2.9314682 +15.4916 85 

952650764 —O0.77023572 —2.7966949 — 2.044451 0 Carbon tet. 4.79 36 {2.48 Edwards> 

CCl ‘ . \0.66 Attwood, and 

Bixby? 














Chloroform4 RS : 2.07 Edwards 
CHC 


to go with the factor A, either potential function can probably lb 


be made to give an equally satisfactory fit to any experimental 

data which can readily be obtained. Only if these parameters are Méthylene 

known from other types of experiments (spectroscopic or x-ray CH2Cle 

sattering measurements, for example) or if the B(T) data cover —_y_Hexane 2.46 73 1.37 Salvagee 
an extremely wide temperature range, does it seem feasible to 
distinguish between the two repulsive potentials from second 
virial coefficient measurements. Ethyl alcohol 1.63 80 1.27 Edwards 


Benzene 1.83 69 1.45 Brednerf 











* Breakdown strengths are expressed in megavolts/cm. 


~~ b See reference 1. 
°S. S. Attwood and W. H. Bixby, J. Franklin Inst. 235, 259 (1943). 





i 4 No attempt was made to remove the small percentage (0.5) of stabi- 
en lizing alcohol present in the chloroform. 
aa e B. Salvage, Inst. of Elec. Eng. (London) Monograph No. 2, 1951. 


{R. Bredner, Arch. Elektrotech. 31, 351 (1937). 








reported in the literature. The “spread” in the results, in addition 
to the mean values, has increased and the former is as high as 
+50 percent about the mean value for methylene chloride. The 
results given here are maximum values; spuriously low values, 
termed here subnormals, have been discarded. 

Pure organic liquids of simple molecular structure, both polar 

and nonpolar, have been tested. The effect on the breakdown 
strength of replacing a specific atom of the molecule is being 
investigated by using members of series such as carbon tetra- 
+ chloride, chloroform, and methylene chloride. 
8 Single, rectangular voltage pulses of 10 usec duration and 
positive, sawtooth voltage pulses with a time of rise to 16 kv of 
45 usec have been used. In conjunction with resistance voltage 
dividers a high speed oscilloscope was used to determine the 
amplitude and duration of the pulses used. 

The miniature spark gap used was designed to operate within a 
completely enclosed glass system. The electrodes were highly 
polished phosphor bronze spheres which were carefully degreased 
before placing into the test liquid. With this spark gap and con- 
taining vessel it was possible to change the liquid sample and to 
present fresh, highly polished sphere surfaces to the gap after 
; : yf each breakdown. The spark gap was viewed and measured from 

i ria ny sie been devised and it is expected outside the glass system with a travelling microscope. Stray 
y ye particles visible after clearing the electrodes with cotton wool 
md... Eat Atomic Cet Lobamtony be opened by Go Semen wipers were removed by the application of low voltage pulses. 
der cantenct tio Wi a1.t0> hia eaagaiinaciatlagass amas "Except for drying, the “reagent grade” liquids were used as 
L pig notation used here is ienalonl with that crertendy employed by supplied by the manufacturers. The experiments were performed 
?R. H. Fowler and _ E. A: Guggeahelen, Statistical Thermodynamics t atmospheric temperature and pressure. : 
Cambridge University Prese, London. 1939). p. 279. ont ite A summary of the results found using rectangular pulses is 
indleeen sections $0 ba published coon’ tadividual chapters, seepaned under presented in Table I. In Table II some of these are compared with 
i ett, Ordnance contract, have been issued to a limited distribution values obtained using sawtooth pulses. As previously reported, 
Hirschfelder, Bird, and Spotz, Trans. Am. Soc. Mech. Engrs. 71, 921 _ the formative time lag or time to breakdown for such gap widths 
“rk i” ; is much less than 10 ysec, and the breakdown strengths found using 

163A, 53 (os nes on .&, F. Daren, Cole. Saas Oe eee rectangular pulses should equal the dc breakdown strengths. 
hysical weg Buehler, Hirschfelder, and Curtiss, J. Chem. Phys. 18, 1484 The major factor giving rise to subnormal breakdown strength 
‘ values is the presence in the spark gap of minute particles which 









































Fic. 1. Comparison of G9(@) and Gi2(@) at high temperatures. 


The tables given here should be adequate for all of the 
permanent gases. They should also be suitable for a number of 
condensible gases since, according to the Lennard-Jones and 
Devonshire theory of liquids‘ as computed by Hirschfelder and 
his associates® (for a 6-12 rather than a 6-9 potential, it is true), 
§,=1/1.30=0.76 and the present tables go well above this. For 
higher values of @ (lower temperatures), special methods of 
evaluating Gs(@) must be employed similar to those previously 
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al with TABLE II. A eee of the pom nang ~ aa found using 

. a ifferent types ol voltage pulse. 

1 it is High Values for the Electrical Breakdown 
he es Strength of Liquids B.D.S. found 
- an W. D. Epwarps a = 
Ss National Research Council of Canada, Ottawa, Ontario, Canada Liquid pulses pulses 
nearly (Received February 15, 1952) 

erhaps, Benzene 1.83 2.08 
fficient RECENT experiments with an improved form of the apparatus i ni om rt ‘“ 
.spond- described recently! have yielded breakdown strength values Hexane 2.46 >2.39 








e inf °F pure organic liquids from 20 to 100 percent in excess of those 








754 LETTERS TO 


may be as small as one micron in diameter. Such particles are 
products of breakdown or are introduced into the enclosed system 
at the time of assembly. If special precautions were not taken to 
eliminate stray particles, the subnormal breakdown strengths 
obtained would lay within +10 percent of a mean value which 
for a given method of electrode polishing would be repeatable. 
These mean values, reported earlier,! are in agreement with the 
results published by other workers. 

Experiments are continuing to determine whether the maximum 
values reported here are indeed the intrinsic electric strengths of 
the liquids concerned. 

The author is indebted to the National Research Council of 
Canada for the award of a Fellowship which enabled him to carry 
out this work. 


1W. D. Edwards, Can. J. Phys. 29, 310 (1951). 





Rapid Separations of Protactinium and Uranium 
Radioisotopes from Cyclotron Bombarded 
Thorium Nitrate 


W. WayYNE MEINKE 
Department of Chemistry, University of Michigan, Ann Arbor, Michigan 
(Received February 12, 1952) 


XTENSION of work on collateral chains of the natural radio- 
active families'~* to short-lived members‘ has necessitated 
the development of new rapid chemical procedures for the separa- 
tion of protactinium and uranium isotopes. Existing target pro- 
cedures’ were adaptable to separation times of 5 to 10 minutes, 
but new techniques were required for separation times of the 
order of one minute. Two techniques made these rapid separations 
possible. First the thorium was bombarded as the thorium nitrate 
salt in the jiffy-probe of the Berkeley 184-inch cyclotron with a 
pneumatic tube set-up which delivered the target to the processing 
area within 12-15 seconds after the end of bombardment.’ 
Secondly, wet coarse filter paper was used as a separating medium 
for aqueous and organic layers in the extraction process. 

To separate protactinium the thorium nitrate target material 
was emptied into a large funnel containing equal volumes of 
4 N nitric acid and 0.25 M thenoy] trifluoroacetone (TTA)®? in 
benzene. The funnel had been fitted with a ground glass stopcock 
and was lined with wet coarse filter paper. The mixture was 
stirred vigorously to effect the solution of the target material 
and to chelate simultaneously the protactinium in the organic 
layer. After 5 to 10 seconds of stirring (depending upon the 
protactinium yield desired) the stopcock was opened; the acid 
layer passed through the filter paper while the benzene layer 
remained in the funnel. 4 V nitric acid washes of the benzene 
layer were used to further remove alpha-emitting radioactive 
impurities. 

Portions of the benzene fraction were then discharged onto 
platinum counting plates or dishes which were being heated with 
a heat lamp and hot plate. The samples were then immediately 
ignited to further speed evaporation. Flaming of the final plate 
in a Fisher burner flame left a weightless sample of protactinium 
ready for alpha-counting or alpha-pulse analysis. 

Approximate times required for the above steps were solution, 
extraction, and separation 10-20 seconds; washing 5-10 seconds; 
and making of sample plate (~1 cc benzene) ~30 seconds. 

The uranium procedure used the same techniques as above. 
The thorium nitrate target was emptied into the funnel con- 
taining 20 ml of 3 M magnesium nitrate (0.1 N in nitric acid) 
and 8 ml of diethyl ether. Solution and extraction were accom- 
plished in one stirring. Wash solutions of magnesium nitrate 
removed other alpha-emitting impurities and the last traces of 
the thorium nitrate target material from the ether fraction. One 
final wash with ammonium nitrate solution insured that no non- 
volatile material would remain in the ether fraction to give 
“thick” plates for counting. Two pre-extractions of the salting 
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solutions with ether were required to further eliminate op. 
volatile foreign material which would extract into the ether 
Ignition of the ether sample gave a weightless plate of the uraniym 
isotopes. 

Approximate times required for the steps were: solution, 
extraction, and separation 10-20 seconds; washing 10-15 seconds; 
and making of sample plate (~1 cc ether) ~15 seconds. 

In nuclear chemical work where the main interest is in charac. 
terizing particular isotopes, emphasis is on radiochemical purity 
of the isotope rather than on chemical yield. The above procedures 
give only a 10-20 percent chemical yield— 75 of which can be 
rapidly placed on a plate for counting. These yields are quite 
satisfactory for the purpose, however, since contaminating isotopes 
have been reduced by a factor of 10‘ to 10°. Experimental results 
have shown that about 1 part in 10‘ of actinium, 1 part in 16 of 
protactinium, and 1 part in 10° of thorium come through the 
uranium procedure. Even this maximum decontamination may 
prove inadequate, however, when alpha-bombardment conditions 
(energy, beam strength, and contamination by deuterons) are 
such that the contaminating isotopes are present initially in 
amounts 100 or more times greater than the uranium isotopes, 
Similarly the protectinium procedure removes all but about 0.1 
percent of the thorium but still has proved too crude for certain 
branching ratio characterizations of protactinium isotopes. 

The method of target solution and separation of organic and 
aqueous layers by wet filter paper has general applicability for 
rapid separations of other radioisotopes from their target ma- 
terials. 

The author wishes to thank Mr. C. Kalfian for his help in 
developing some of the techniques described here and also Pro- 
fessor Glenn T. Seaborg for his encouragement in this work. 

1 Ghiorso, Meinke, and Seaborg, Phys. Rev. 74, 695 (1948). 

? Meinke, Ghiorso, and Seaborg, Phys. Rev. 75, 314 (1949). 

3 Meinke, Ghiorso, and Seaborg, Phys. Rev. 81, 782 (1951). 

4 Meinke, Ghiorso, and Seaborg, Phys. Rev. (to be published). 

5W. W. Meinke, AEC Declassified Documents AECD-2738 and AECD- 
2750 (August, 1949). 

6 J. C. Reid and M. Calvin, AEC Declassified Documents MDDC-1405 
(August 13, 1947); also J. Am. Chem. Soc. 72, 2948 (1950). 


7 TTA is obtainable from Dow Chemical Company, 310 Sansome Street, 
San Francisco, California. 





Determination of the Heat of Dimerization of 
Tetrafluoroethylene by a Kinetic Method 


BERNARD ATKINSON AND ANTONY B. TRENWITH 


Department of Inorganic and Physical Chemistry, Imperial College of Science 
and Technology, London, S.W.7, England 


(Received February 18, 1952) 


URING a study of the pyrolysis of tetrafluoroethylene we 
observed that up to 600° the rates of the reaction, 


2C2F4=C,4F (octafluorocyclobutane), (1) 


and the reverse reaction, 
D 
C,Fs= 2C2F 4, ( 


are much faster than the rates of any other homogeneous 
actions occurring in the system at normal pressures. In a Pyrex 
vessel heterogeneous reactions including 


C.F,+Si0.=CO+SiF; (3) 


take place at a noticeable rate at 550°C. By using a steel vessel 
completely freed from iron oxide we have been able to show that 
an equilibrium ss 
2C2F CAF s @ 
is readily established at 550°C. The pressure change on healing 
perfluorocyclobutane at 520-590°C is in accord with that for @ 
first-order reaction moving to equilibrium with a second-order 
reaction. 
We have measured the rate of reaction (1) in a Pyrex vessel . 
temperatures from 300-550°C and the rate of reaction (2) ina Py: 
rex vessel at 520-550°C and in a steel vessel at 550-590°C. Values 
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ofthe rate constant for reaction (2) at 550°C calculated from the 
results obtained with the Pyrex vessel agreed with those obtained 
using the steel vessel. All measurements were made at 100-500 mm 
ressure. 
"lots of logk against [/T for both the forward and back re- 
ations gave straight line graphs. Equilibrium constants were 
alculated from ratios of rate constants, and the heat of reaction 
jor (1) was derived from a graph of logK against 7/T. For the 
forward reaction (1) the results gave the constants in the equation 
t=PZe-2/8T as E=25.4 kcal, P=3.85X10~. For the reverse 
raction, taking k= Ae~#/27, F=74.1 kcal, A=8.9X 10" sec™!. 
The figures for the equilibrium constant gave AH = —49.8 kcal, 

=—47.4cal per deg, both figures being for 550°C approximately. 
The energy of activation for the forward reaction is distinctly 
jwer than that for the polymerization of ethylene to butylene 
and higher olefines. For the latter reaction Pease! found E=35 
ical, P= 5X 10~*. Both our figure for the steric factor of reaction 
(1) and the figure of Pease for ethylene give support to the theory 
that association reactions between polyatomic molecules will in 
gneral have small steric factors.2 The A factor found for the 
reverse reaction is similar to that for other reactions involving 
ting opening, thus for cyclopropane A = 1.48X 10" cm~! 8 and for 
trioxymethylene A = 1.43 X 10'* cm=!.4 The A factor is much above 
the“‘normal” value of 10-10" cm7?. 

From thermochemical data we estimate that for the reaction 


2C2Hi= C4Hs (cyclobutane), (5) 


the value of AH is —25 kcal. As the cyclobutanes contain twelve 
bonds and the reacting olefine molecules ten bonds, the difference 
between this figure and that given above for reaction (1) cannot 
be said to indicate any great structural differences between the 
fuorocarbons and hydrocarbons involved. 

A full account of experimental methods and results is being 
prepared. 

We thank I.C.I. Ltd. for the gift of tetrafluoroethylene, the 
University of London for a grant towards the cost of apparatus, 
and the D.S.I.R. for a maintenance grant to one of us (A.B.T.). 

1R. N. Pease, J. Am. Chem. Soc. 53, 613 (1931). 


'C, E. H. Bawn, Trans. Faraday Soc. 31, 1536 (1935). 
193) S. Chambers and G. B. Kistiakowsky, J. Am. Chem. Soc. 56, 399 


‘R, LeG. Burnett and R. P. Bell, Trans. Faraday Soc. 34, 420 (1938). 





The Microwave Absorption Spectrum of 
Acetone Vapor* 


Tuomas L. WEATHERLY AND DuDLEY WILLIAMS 


Department of Physics and Astronomy, The Ohio State 
University, Columbus, Ohio 


(Received February 6, 1952) 


HE microwave spectrum of acetone vapor in the spectral 
region between 18,000 and 30,000 mc/sec has been ex- 
amined. The observed spectrum includes the four strong lines 
whose frequencies are listed in Table I. The seventeen lines in 


TABLE I. Strong lines in the microwave spectrum of acetone. 








26,661.5 mc/sec 
28,340.0 
28,622.3 

30,070 








the region 22,000 to 25,000 mc/sec reported by Bak et al.! were 
Not observed in the present study.and hence musi be much 
Weaker than the lines listed in the table. 

An attempt to interpret the observed lines as transitions be- 
tween the rotational energy levels of an asymmetric top has been 
unsuccessful. The asymmetry parameter K=0.4 for the acetone 
molecule if the interatomic distances and bond angles have values 
Smilar to those in related molecules.? The spectrum predicted 
for the region between 18,000 and 30,000 mc/sec on the basis of 
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K=0.4 includes 23 lines for rotational transitions involving J 
values no higher than J=6. Moreover, the energy level popula- 
tions and transition probabilities are such that one can expect 
relatively intense lines in this region for J values as high as 30. 
Thus, there seems little hope of positively identifying the strong 
lines observed. Although the lines were observed with a spectro- 
graph employing ground-biased square wave Stark effect modula- 
tion, no clearly defined Stark patterns were observed; this 
probably indicates that the rotational transitions are between 
levels with high J values, since in this case the number of Stark 
components would be larger and the intensities of the individual 
components would be small. However, the behavior of the ob- 
served lines, when the wave guide was cooled with dry ice, 
indicates that the J values involved are less than J=35. 

The intensities of the lines found in the present study are so 
much greater than those of the lines reported by Bak ef al. that 
they will probably prove to be the lines most suited for microwave 
spectrochemical analysis. 

* This work was supported in part by a contract between the Geophysical 
Division of the Air Force Cambridge Research Center and the Ohio State 
University Research Foundation. 

1 Bak, Knudsen, and Madsen, Phys. Rev. 75, 1622 (1949). 


2G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand Company, 
Inc., New York, 1945), p. 440. 





X-Ray Diffraction Study of Crystalline Neopentane 
(Tetramethyl Methane)*. 


ARTHUR H. MONES AND BENJAMIN Post 
Polytechnic Institute of Brooklyn, Brooklyn, New York 
(Received February 18, 1952) 


N the basis of an optical study at — 180°C, Wahl! reported 
that crystalline neopentane is birefringent at that tem- 
perature and probably tetragonal. He also noted that the crystals 
underwent a transition to an isotropic form well below the 
melting point (mp=—19.7°C). The existence of this transition 
has since been confirmed by Aston et al.2 Some time after Wahl’s 
observations were published, Mark and Noethling* reported (on 
the basis of Debye-Scherrer diagrams taken at the temperature 
of liquid air) that neopentane crystallized in the cubic system 
with a9=11.26A and with 8 molecules per unit cell. 

In this communication some results of an x-ray diffraction 
study of crystalline neopentane, above and below the transition 
temperature, are reported. The low temperature x-ray camera 
used in this investigation has been described elsewhere.‘ 

Powder diagrams of the crystalline phase, stable above the 
transition temperature (— 143°C), were not satisfactory. Only 
three or four very broad lines were observed. Single crystals of 
neopentane were then grown in thin-walled glass capillary tubes 
and oscillation diagrams were obtained at —50-+5°C. In this 
temperature region the crystals appeared isotropic. The x-ray 
diagrams were indexed on the basis of a face-centered cubic unit 
cell with a9>=8.78+0.05A and with four molecules per unit cell. 

Intensities of reflections decreased very rapidly with increasing 
Bragg angles. Reflections were observed only from (111), (200), 
(220), (311), (222), (400), and (333). The large entropy of transi- 
tion, 4.39 eu per mole, compared with an entropy of fusion of 
3.03 eu per mole, indicates considerable disorder in the crystal 
above the transition temperature. The x-ray evidence, however, 
is too meagre to permit any definite conclusions to be drawn con- 
cerning the nature of the disorder. It may be noted, however, 
that structure factors computed on the assumption of random 
orientation of neopentane molecules above lattice points, with 
spherical symmetry on the average, showed good agreement with 
“observed” structure factors. Structure factors calculated, assum- 
ing the following models, showed poor agreement with observed 
structure factors: (a) an ordered structure; and (b) a disordered 
structure, with the four tetrahedrally disposed carbon atoms of 
each molecule occupying, statistically, the eight corners of a cube. 

Single crystals of the high temperature form invariably broke 
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into fragments as the temperature was lowered through the 
transition point. Optical examination of the fragments with a 
polarizing microscope showed them to be weakly birefringent. 

Debye-Scherrer diagrams were obtained at — 150-+-5°C. Several 
lines were observed in addition to those reported by Mark and 
Noethling.* The diagrams could be indexed tentatively, on the 
basis of a somewhat large tetragonal unit cell (ao=11.2+0.1A; 
¢o= 11.5+0.1A). However, in view of the small number of re- 
flections observed and the breadth and spotty character of the 
lines, the unit cell choice and consequent indexing must be con- 
sidered provisional. 

* This research was supported in part by the ONR. 

1W. Wahl, Proc. Roy. Soc. (London) 88, 356 (1913). 

2 J. G. Aston and G. H. Messerly, J. Am. Chem. Soc. 58, 2354 (1936). 


3H. Mark and W. Noethling, Z. Krist. 65, 435 (1927). 
4 Post, Schwartz, and Fankuchen, Rev. Sci. Instr. 22, 218 (1951). 





The Hydrogen Bond in an Amide Link 
A. ELLIOTT 


Courtaulds Limited, Maidenhead, England 
(Received January 28, 1952) 


HE work of Newman and Badger’ on the infrared spectrum 
of N-acetyl glycine raises an interesting point in connection 
with the linearity of the N—H---O atoms in a hydrogen bond. 
Pauling and Corey? have expressed the view that this structure 
should be linear in polypeptides and have used linearity as a 
criterion for accepting or rejecting a proposed fold in an a-protein 
or polypeptide. In N-acetyl glycine, if Newman and Badger’s 
interpretation of their polarized infrared spectra is correct, not 
only in this bond nonlinear, but the N—H valency bond is 
apparently distorted from the usual assumed value (120°) away 
from the oxygen atom. As Newman and Badger point out, the 
N-—H absorption band has nevertheless about the same frequency 
as in proteins. 

A possible explanation of the configuration, should the dis- 
tortion be confirmed, might be the tendency for the hydrogen 
bond to be directed towards the “lone pair” electrons of the 
double-bonded oxygen atom, which in some cases tend towards a 
tetrahedral arrangement with respect to the double bond.? When 
conditions allow, this requirement may be met by suitable orienta- 
tion of the C=O group, retaining the linear N—H- - -O configura- 
tion. In N-acetyl glycine presumably the requirements of the 
strong O—H---O bonds prevent this. 

In view of the above observations it appears doubtful whether 
enough is known about hydrogen bonds to justify rejection of a 
structure because of nonlinearity of this bond. It is perhaps 
worth noting that such information as does exist about O- --H—N 
distances is chiefly obtained from structures in which one of the 
partners in the hydrogen bond is ionic in character. 

Pauling and Corey have stated that the seven-membered ring 
proposed for synthetic a-polypeptides*~* must be rejected because 
the N—H---O angle differs from a straight angle by about 70°. 
Apart from the question of what divergence is allowable, this 
statement is incorrect; with bond distances and angles, as given 
by Pauling, Corey, and Branson,’ and with a planar amide group 
the divergence is about 38° for a nitrogen-oxygen distance of 
2.85A, and the angle between NH bond and N—O vector is 
about 25°. The magnitude of this angle in the 5.1 residue spiral 
is given by Pauling, Corey, and Branson as about 25°, and this 
they consider acceptable. The seven-membered ring fold has 
about the same degree of nonlinearity in the hydrogen bond and 
must be considered equally acceptable. 

1R. Newman and R. M. Badger, J. Chem. Phys. 19, 1147 (1951). 

2 L. Pauling and R. B. Corey, Proc. Natl. Acad. Sci. 37, 241 (1951). 

’Sir John Lennard-Jones and J. A. Pople, Proc. Roy. Soc. (London) 
A205, 155 (1951). 

4E. J. Ambrose and W. E. Hanby, Nature 163, 483 (1949). 


5’ Bamford, Hanby, and Happey, Proc. Roy. Soc. (London) A205, 30 


1951). 
: 6E, J. Ambrose and A. Elliott, Proc. Roy. Soc. (London) A205, 47 


1951). 
: 7 Fedies. Corey, and Branson, Proc. Natl. Acad. Sci. 37, 205 (1951). 
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Errata: Irreducible Representations of 
Cubic Groups 
[J. Chem. Phys. 19, 1612 (1951)] 


FRANK MaAtTossI 
Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 


1. The E-matrix for C; is valid for (123)(4) and equivalent axes 
with the same sense of rotation. 

2. In the E-matrix for C2, read 1 instead of —1. 

3. On both pages, read (2 4) (1) (3) instead of (3 4) (1) (2). 

4. On page 1613, read (3 4) (1) (2) instead of (1 2) (3) (4). 





X-Ray Diffraction of Heat-Treated Carbon Blacks 


H. T. PINNICcK 
Department of Physics, University of Buffalo, Buffalo, New York 
(Received January 28, 1952) 


CCORDING to Franklin,! growth of microcrystallites in car- 
bons occurs in the lowest part of the range 1000°C-3000°C 

at the expense of nonorganized carbon atoms surrounding each 
crystallite, while in the middle and upper part of this range it 
is due to the displacement of entire graphitic layers by thermal 
motion. This last assumption seems necessary to explain the 
gradual growth over such a wide temperature range; as the crystal- 


lites grow, an increasing amount of energy is required to move | 


them and subsequent growth at a measurable rate will only occur 
at higher temperatures. Small crystallites have a turbostratic 
structure (perfect graphitic planes stacked parallel but randomly 
rotated). Franklin? found in studying polyvinyl chloride coke, 
that the percentage of oriented layers begins to’ be detectable in 
samples treated to 1800°C and increases rapidly for higher treat- 


ments, becoming 70 percent at 2500°C. It is difficult to see why § 


the alignment does not occur as soon as growth starts to take 
place by movement of entire layers, and why it does take place 
in a relatively narrow temperature range. 

As a part of extensive studies of heat-treated carbon blacks 
carried out in this laboratory, x-ray diffraction of various carbon 
blacks with particle sizes ranging from 50A-3000A, all graphitized 
to 3000°C, was investigated. The half-widths of the asymmetric 
10 line were measured, and the crystallite diameters calculated 
using Warren’s formula.’ It was found that the average crystallite 
diameter is about one-third of the particle size. Electron micro- 
graphs made by dispersing these blacks directly in a substrate of 
Formvar cast on a small grating show that the particles retain 
their individuality after graphitization. Evidently the growth of 
crystallites is limited by the particle size, and one-third the 
particle size obtained by x-ray diffraction for the average crystal- 
lite diameter seems to be a reasonable figure for this limit. 

For purposes of comparison a soft coke was heat treated to 
various temperatures to give comparable crystallite sizes. As an 
indication of the degree of orientation of layers the appearance 
of the cross lattice 101 line as a broad maximum on the large 
angle side of the two-dimensional 10 line was observed. For the 
soft coke the 101 line first appears when the crystallite diameter 
has reached 150A, which agrees with the general trend of 
Franklin’s results for polyvinyl chloride coke. The 101 line could 
first be clearly distinguished when its height was about one-tenth 
that of the 10 line. 

It was suspected that the 101 line would appear in graphitized 
carbon blacks at smaller crystallite sizes, since it seemed that 
any restrictive forces in soft cokes should be overcome in the 
blacks by the more vigorous motion at the higher graphitization 
temperatures. Examination of the x-ray patterns shows, howevét, 
that the smallest diameter for which the 101 maximum appeals 
is again about 150A. Furthermore, comparison of diffraction 
patterns for soft cokes and carbon blacks shows that the alignment 
for larger crystallite sizes proceeds similarly in the two series. 

The agreement of dependence of alignment on crystallite 
diameter under such different temperature conditions 1s ™ 
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garkable. It may be that crystallites with diameters less than 
{0A have no preferred orientation. However, a more satisfactory 
aplanation may lie in the existence of two opposing forces. 
Valence bonds between neighboring crystallites tend to stabilize 
ihe layers in rotated positions, while the attractive forces between 
ihe layers tend to align them. The latter increases as the square 
i the diameter, and evidently becomes the determining factor 
or crystallite diameters above 150A. 

Further investigations of structure and diamagnetic suscepti- 
tility of carbons are in progress. The author is indebted to Pro- 
yssor S. Mrozowski, who suggested the problem, for his con- 
tinued advice and encouragement and to Mr. E. A. Kmetko for 
making the electron micrographs. 

1Rosalind E. Franklin, Proc. Roy. Soc. (London) 209, 196 (1950). 

‘Rosalind E. Franklin, Acta Cryst. 4, 253 (1951). 

1B, E. Warren, Phys. Rev. 59, 693 (1941). 


‘The meaning of the term “‘soft coke’’ is explained in a paper by 
§ Mrozowski, Phys. Rev. (to be published). 





Direct Determination of the Sublimation Energy 
of Carbon 
TH. DOEHAERD, PAUL GOLDFINGER, AND F. WAELBROECK* 


Laboratory for Spectroscopical Analysis, Université Libre 
le Bruxelles, Brussels, Belgium 


(Received January 28, 1952) 


SING a powerful new apparatus, in which the relevant 
parameters could be easily varied over wide limits, rates 
iievaporation from a hot carbon surface and of effusion from a 
gaphite furnace were investigated over the range of 2450-2840°K. 
The sticking coefficient f was found to be much smaller than 
wity and the results lead to the spectroscopic value 141.26 kcal 
for the heat of sublimation of carbon. 

The rate of effusion per unit aperture area increases with 
kecreasing aperture to total surface area ratio (oc). The results are 
ompatible with a value of f between 1/500 and 1/5000. In each 
aperiment, the rate of evaporation and the rate of effusion were 
iserved simultaneously. They were estimated quantitatively by 
areful microphotometer analysis of the distribution of the carbon 
isposits on the glass microscope slides used as targets; in all cases 
ithick inner circular deposit was surrounded by a penumbra, the 
tative sizes agreeing beautifully with those predicted by the 
gometry of the system. For the ratio c=1/24,000, six measure- 
nents between 2620 and 2840°K were made, yielding 145.8 
+28 kcal.? 

The apparatus was contained in a metal evaporation chamber 
manufactured for optics work by Leybolds (Cologne) ;? the large 
ace available inside the high vacuum chamber, together with 
ihe great pumping speed (250 1/sec down to 10~‘ and 10° mm Hg) 
tabled easy adjustment of the various components. Using remote 
tntrol several runs could be made without touching the furnace 
va frequent temperature measurements during and between 
the runs, 

The rate of evaporation results are in excellent agreement with 
those of previous workers.‘ The vapor pressure inside the Knudsen- 
tll at c= 1/400 gives values in good agreement with those of 
Brewer and Mastick.5 Hence it seems relatively easy to explain 
the discordant results of Brewer, Gilles, and Jenkins, which, 
incidentally, seem to be the only direct evidence for a high value 
if the sublimation energy of carbon. 

The present result, L-= 141 kcal, is in good agreement with our 
iist qualitative observations with a Knudsen-cell of adequate 
‘value’ and with the most recent conclusions of workers using 
the electron collision approach to this problem.’ Earlier vapor 
Pressure measurements,® especially those of Ribaud and Bégué” 
Fig. 1), as well as recent spectroscopic evidence! seem to 
‘vor also this value. 

A detailed description of the apparatus and discussion of the 
‘eults, together with those of previous investigators, is under 

tion. 
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Fic. 1. Vapor pressure of carbon atoms calculated for Le =125.03; 
135.74; 141.26; and 170.39 kcal (plain lines). (M) Marshall and Norton. 
(S) Simpson, Thorn, and Winslow. (D, D’, D’’) this work (¢ =1/24.000, 
1/400, and 1, resp.). (G.J.) Goldfinger and Jeunehomme. (B.M.) Brewer and 
Mastick. (B.G.J.) Brewer, Gilles, and Jenkins. (K) Kohn and Guckel, as 
corrected by Warmuth (see reference 9). (R) Ryschkewitsch, as corrected 
by Warmuth (see reference 9). (R.Z.) Rochan Zaer, théses, Paris, 1935. 
(R.B.) Ribaud and Bégué. The deviation from equilibrium shown by the 
ends to lines (R) and (R.B.) is easily explained and shall be discussed 
later. For vapor pressure curves of C2 and lines (a) and (6), see following 
note. 


We wish to express our thanks to Dr. G. J. Szasz for many 
valuable discussions. 

We are greatly indebted to the E.C.A. Administration and to 
the Centre National Belge de Chimie Physique Moléculaire for 
grants which permitted us the purchase of vacuum apparatus. 


* One of us (F.W.) wishes to express his thanks to the Institut pour 
l'Encouragement de la Recherche Scientifique dans I'Industrie et I’ Agri- 
culture for a ‘“‘ Bourse de Spécialisation,’’ which enabled him to carry out 
this work. 

1It is difficult to decide by vapor pressure measurements between this 
value and L- =135.74 kcal proposed by Hagstrum (reference 7). 


2 Using kg =1.1 X105 cm? g™ for the absorption coefficient of carbon 
deposits and 0.2 for the sticking coefficient on the target according to 
Simpson ef al. (reference 4). 

3 Our attention was called to this method of heating by Dr. M. Dunkel 
and Dr. G. W. Oetjen of C. Leybolds-Cologne; we are also indebted to 
them for valuable discussions on vacuum problems. 

4A. L. Marshall and F. J. Norton, J. Am. Chem. Soc. 72, 2166 (1950); 
Wertenstein and Jedrzejewky, Compt. rend. 177, 316 (1923); Simpson, 
Thorn, and Winslow, AECD, 2680 (1949). 

5 L. Brewer and D. Mastick, UCRL, 572 (1949). 

6 Brewer, Gilles, and Jenkins, J. Chem. Phys. 16, 797 (1948). 

7P. Goldfinger and W. Jeunehomme, Colloque International sur les 
Réactions d’Inflammation, etc., Paris, April-May, 1948; Rev. de l'Institut 
Fr. du Pétrole 4, 427 (1949); Third Symposium on Combustion, etc., 
Minneapolis, 1948. 

8C. A. McDowell and J. W. Warren, Disc. Faraday Soc. 10, 53 (1951); 
it 5) Hagstrum, Phys. Rev. 72, 947 (1947), Revs. Modern Phys. 23, 185 
1951). 

9 See the discussion of Goldfinger and Jeunehomme, Trans. Faraday Soc. 
32, 1591 (1936) and Hagstrum’s (reference 8) remarks on them. 

10G, Ribaud and J. Bégué, Compt. rend. 221, 73 (1945); J. Bégué, 
théses, Paris, 1945. 

11H. G. Howell, Nature 163, 773 (1949). 





On the Mechanism of Evaporation of Graphite 


F. WAELBROECK 


Laboratory for Spectroscopical Analysis, Université Libre 
de Bruxelles, Brussels, Belgium 


(Received January 28, 1952) 


HE experiments communicated in the preceding note,! as 

well as earlier evidence on the rate of evaporation*® and on 

the vapor pressure of graphite,’ seem to show that the sticking 
coefficient of carbon is of a complex nature. 

It is generally admitted‘ that the vapor pressure inside a 

Knudsen-cell is related to the equilibrium vapor pressure fx, 
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Fic. 1. Pressure p inside a Knudsen-cell vs aperture/total area ratio o. 
Curve (a) (Eq. (1)); curves (0) and (c) (Eq. (2)), potential barrier of 50 
and 52.5 kcal, respectively. Experimental points: (M) Marshall and Norton; 
(S) Simpson, Thorn, and Winslow; (BGJ) Brewer, Gilles, and Jenkins; 
(BM) Brewer and Mastick; (1, 1’, 1) results communicated in preceding 
note. Experiments (S), (BJG), and (BM) (at lower temperatures) were 
plotted as logp/pev, since for large o-values this ratio should be practically 
independent of temperature. 


to the sticking coefficient f, and to the ratio of the aperture area 
to the total area o by 


P= Peaf/(f+e). (1) 

The plot of logp/peq vs logi/a (Fig. 1, curve (a)) gives a 45° 
straight line as long as o>>f. The intercept with the pressure axis 
gives practically the apparent pressure observed in rate of evapora- 
tion experiments. 

The graph shows that the experimental points disagree with 
the theoretical curve (a). This could be accounted for if one 
considers that the speed of evaporation from a graphite surface is 
given mainly by the rate of evaporation of C2, whereas C; is 
predominant in the equilibrium. 

The value ZL.=141.26 kcal we advocate, combined with 
Dc2=83 kcal proposed by Herzberg,’ yields Lc2=199.5 kcal 
(Lce,=2L,—Dc2) and, using Gordon’s entropy data,* the vapor 
pressure curve of C2 (Fig. 1, preceding note). 

Some time ago, Herzberg, Herzfeld, and Teller? have admitted 
that a potential barrier of about Z,/3 determines the rate of 
evaporation of C atoms, since two C—C bonds must be broken 
to evaporate the first C atom from the graphite plane and only 
one to evaporate the second. Hence the sticking coefficient of 
carbon atoms: fi~+2-exp[—(1/3)LZ.-/RT]~+2-exp(—50.000/RT) 
and the apparent vapor pressure (p*) of C atoms, as determined by 
rate of evaporation experiments, would be given by: logp* =log peg 
+logf; (curve a, Fig. 1, preceding note). The evaporation of C2 
molecules, treated according to Herzberg, Herzfeld, and Teller’s 
model, does not, on the other hand, lead to any potential barrier. 

The total apparent vapor pressure determined by: rate of 
evaporation experiments, being calculated in mass units and not 
as a number of particles, should thus be: Pev= Piegf1 +2! Poeg- 

This function, plotted on Fig. 1 of the preceding communication 
(curve 6), is seen to coincide very closely with the experimental 
‘evaporation pressures,” as determined by Marshall and Norton 
and Simpson ef al.? Furthermore (even though there is a great 
danger in using determinations of the slope of the logp vs 1/T 
curve at such temperatures), its slope coincides very nicely with 
that of about 198 kcal obtained by Simpson ée¢ al. in their rate of 
evaporation experiments. 

The apparent pressure determined by crucible experiments 
should now be 


P= Preg* fi/(fito)+24peeg. (2) 


The variation of logp/peq vs logi/o according to Eq.. (2) is 
plotted on Fig. 1 (curves 5 and c) for two values of the potential 
barrier to C; evaporation (50 and 52.5 kcal, respectively). It is 
seen to be in excellent agreement with available experimental 
data. 

The author wishes to thank Professor Goldfinger for continued 
interest and valuable help received during this research. He is 
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indebted to the Institut pour l’Encouragement de la Recherche 
Scientifique dans ]’Industrie et l’Agriculture and to the Centre 
National Belge de Chimie Physique Moléculaire for grants which 
allowed him to carry out this work. 


1 Doehaerd, Goldfinger, and Waelbroeck, preceding note. 

2 A. L. Marshall and F. J. Norton, J. Am. Chem. Soc. 72, 2166 (1959): 
Simpson, Thorn, and Winslow, AECD, 2680 (1949). F 

* P. Goldfinger and W. Jeunehomme, Third Symposium on Combustion, 
Flame, and Explosion Phenomena, Minneapolis (1948) ; Brewer, Gilles, and 
Jenkins, J. Chem. Phys. 16, 797 (1948); L. Brewer and D. F. Mastick, 
UCRL, 572 (1949). 

4 Although an experimental confirmation of Eq. (1) is not known to us, 

6 G. Herzberg, Phys. Rev. 70, 762 (1946). 

¢ A. R. Gordon, J. Chem. Phys. 5, 530 (1937). 

7 Herzberg, Herzfeld, and Teller, J. Phys. Chem. 41, 325 (1937). 





Recent Determinations of the Vapor Pressure 
of Graphite 


Leo BREWER 


Department of Chemistry and Chemical Engineering, University of 
California, Berkeley, California 


(Received February 14, 1952) 


OEHAERD, Goldfinger, and Waelbroeck! have greatly ex- 
tended the range of measurements of the vapor pressure of 
graphite. If the details of their complete paper can confirm that 
the variation of vapor pressure with p, the ratio of orifice to 
evaporating area, is real, their work will be the definitive deter- 
mination. However, certain internal inconsistencies are apparent 
in the information presented which cause one to be cautious in 
the acceptance of these new data and which indicate that well- 
established experimental errors may readily account for the 
observed variation. 

The previous vapor pressure measurements? * cover a range of 
values of p from 1 to 1/700. If f, the condensation coefficient, 
were small enough to allow reconciliation of these data with 
Lc= 141 kcal, a pronounced dependence of vapor pressure upon p 
would have been observed as indicated by curve (a) of Waelbroeck’s 
letter.6 Such a variation is not found, indicating that f cannot be 
very small. Also the direct determination*® of the condensation 
coefficient of carbon vapor gives f greater than 0.1. The preceding 
authors! ¢ agree that one must accept a high f value for the range 
of p-values previously studied. They claim, however, that upon 
even further reduction of p, one finds a dependence indicating an 
extremely low f value. These observations are reconciled by 
assuming that the main species escaping when p is small is C: 
and that this species has a high f value. At very low p-values the 
concentration of C atoms, which have an extremely low f value, 
can build up, and the atomic beam consists largely of C atoms. 

One can present arguments against C2 playing such a role, but 
the significant point of the argument is that two species are 
present with vastly different condensation coefficients, and we 
need not debate here the possible nature of such species. Such an 
unusual situation is entirely possible. However, if this is the true 
situation in the case of graphite, it does not appear possible that 
the method used by the preceding authors+® could indicate tt. 
They’ used the same method as that of Simpson, Thorn, and 
Winslow® and have indeed used the values of the absorption 
coefficient of carbon deposits and of the condensation coefficient 
of carbon vapor on such deposits determined by Simpson, Thom, 
and Winslow. However, their hypothesis requires that Simpsons 
atomic beam, for which a high f value of 0.2 was obtained, com 
sists largely of C2. With a much smaller orifice and’ therefore prt 
sumably a beam largely of C atoms, with their very low f value, 
only a small fraction of the beam should condense. The carbon 
deposit would be due essentially only to the C2 molecules in the 
beam and the C atoms should reflect off the carbon depost 
Thus the method used will not give appreciable detection of a 
species with an extremely low f value even when the atomic beam 
consists largely of that species. It would seem that some other 
explanation must be responsible for the abnormally high vapor 
pressure reported for the low p-value of 1/24,000. All the other 
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new data reported lie as close to or closer to Lc=170 than to 
[p= 141 kcal. 

A possible clue to this explanation is given in the manner of 
resentation of the data given in the figures of the preceding 
ietters. All of the determinations of Brewer, Gilles, and Jenkins? 
are presented out of context as if they were equivalent. Actually 
most of these pressures varying over a factor of ten were given 
by experiments designed to emphasize the error due to the “tar 
diect.” Long heatings at very high temperatures are necessary to 
gbtain graphite samples which do not give spuriously high vapor 
pressure values.2*® Their method of presentation of the data 
yould indicate that the preceding authors might have overlooked 
this effect. Proper representation of the data gives much poorer 
agreement with curves 6 and ¢ (reference 6). The figure of 
ference 1 presents two groups of data for p=1/2400 labeled D 
and GJ. The details of the GJ determinations are available.* The 
highest heating reported for the samples was 2100°K which 
would be much too low to have eliminated the “tar effect.” 
Brewer and Mastick® have made a study of the various serious 
surces of errors involved in the determination of the vapor 
pressure of graphite. These cannot be reviewed here. However, the 
detailed paper of Doehaerd, Goldfinger, and Waelbroeck will be 
awaited with great interest to determine if these various errors 
have been adequately appraised. Because of the severe experi- 
mental difficulties inherent in these measurements, it is a difficult 
and time consuming task to carry out the experiments necessary 
to evaluate all the important variables. Doehaerd, Goldfinger, 
and Waelbroeck have greatly extended the available data and 
techniques and it is hoped that their work will soon lead to an 
unambiguous determination of this very important quantity. 

























!Doehaerd, Goldfinger, and Waelbroeck, J. Chem. Phys. 20, 757 (1952). 

‘Brewer, Gilles, and Jenkins, J. Chem. Phys. 16, 797 (1948). 

‘Simpson, Thorn, and Winslow, Argonne National Laboratory De- 
dassified Report ANL-4264, May 6, 1949. 

4A. L. Marshall and F. J. Norton, J. Am. Chem. Soc. 72, 2166 (1950). 

5L. Brewer and D. F. Mastick, paper submitted to Journal of Chemical 
Physics; based in part upon University of California Radiation Labo:atory 
Declassified Report UCRL-572, November, 1949. 

‘F, Waelbroeck, J. Chem. Phys. 20, 757 (1952). 

7See reference 3 of Doehaerd, Goldfinger, and Waelbroeck letter. 

§P. Goldfinger and W. Jeunehomme, Rev. de I'Institue Fr. du Petrole 4, 
427 (1949); Third Symposium on Combustion, Flame and Explosion Phe- 
nomena, pp. 618-621, Minneapolis (1948). 

















The Structure of the Molecules PH:;, 
AsH:;, and SbH;* 


H. H. NIELSEN 


Department of Physics and Astronomy, The Ohio State University, 
Columbus, Ohio 


(Received February 18, 1952) 


HE two nearly coincident vibration frequencies »; and »; and 
the overlapping bands v2 and v4 (Herzberg’s notation) of the 
molecules PH;, AsH;, and SbH; are coupled, respectively, by 
Coriolis interactions. It is possible to show in the case of »; and v3 
that the interaction is so slight that it may satisfactorily be taken 
into account in the effective moments of inertia of the molecule. 
Standard methods, where use is made of combination relations, 
may therefore be employed in the analysis of these bands. The 
Coriolis coupling between v2 and », in such molecules is not small, 
however, and since v2 and v4 are nearly alike, the interaction must 
be calculated by the use of degenerate perturbation methods.! 

It may be shown, however, that for values of the quantum 
number K equal to J and K equal to J—1 (i.e., where the rotation 
of the molecule classically is almost entirely about the axis of 
symmetry) the perturbation is small enough so that the corre- 
sponding term values in the first excited state », may be ob- 
tained by an expansion of the secular determinant. One may 
show by this method that the frequency interval between 
two ®R lines, RR(J,K) and ®R(J+1,K+1) is equal to 
4v= 20(1—¢,)C-+2¢. 2 B2/A] where B=h/8r°lz2¢, C=h/8x*I axl, 
2 and T,z being the two moments of inertia, ¢4 is the degenerate 
Cotiolis coefficient coupling the angular momentum associated 


THE EDITOR 








759 





with », to the rotation of the molecule, &24 is the Coriolis coeffi- 
cient coupling the incipient angular momentum of v3; and » to 
the rotation of the molecule and where A= w4— 3. Similarly one 
may show that the frequency interval between two. *”R lines 
RR(J,K-—1) and ®R(J+1,K) is equal to Av’=2[(1—g4)C 
+4£, .2B?/A]. One has, therefore, a direct means of determining 
the magnitude of the perturbation from the experimental data if 
the above lines can be identified. 

The term values of »v; where K=O (i.e., where the molecule is 
tumbling) may also readily be obtained from the secular de- 
terminant. Moreover, the frequency positions of the corresponding 
lines in the P branch are given by a rather simple equation. 
Here also the frequency interval between two lines in the P 
branch where K=0 gives a measure of the value £2 .? B?/A. 

When applied to the PH; molecule,? this method leads to the 
values 2%, 4B =4.77 cm, B= 4.4460 cm™, (1— ¢2) C= 3.8360 cm™, 
and (1—¢3)C=5.5425 cm™!. Recalling that f2+¢,=(B/2C—1),3 
the rotational constant C is determined and one may calculate 
the size and the shape of the molecule. For the H-P-H angle (a) 
we obtain the value 93° 50’, and for the PH distance (ro) we find 
1.424A. When the method is applied to the data on AsHz, the 
following values are found 2&2 .B=4.999 cm™, B=3.723 cm™', 
(1—¢2)C=3.883 cm™ and (1—¢)C=4.800 cm™'. These lead to 
the values a=91° 35’ and ro==1.523A. The data on the SbH; 
molecule‘ treated in the same manner give these values: 2¢2 4B 
= 3.28 cm™, B=2.935 cm“, (1—¢2)C =2.975 cm™, and (1—f4)C 
= 3.950 cm™!. These give for a and ro the values a=91° 30’ and 
ro= 1.71 1A. 

The values of @ and ro arrived at from infrared bands are, 
therefore, in substantial agreement with the value of these con- 
stants as determined from microwave spectra.’ The values of a 
and ro given by Loomis and Strandberg for PH;, AsH;, and SbH; 
are, respectively, a=93°5, ro=1.419A; a=92°0, ro=1.523A; and 
a=91°5, ro=1.712A. 

The values of 22 4B obtained from the bands v3; and » were, 
in each of the above cases, in good agreement. 

* This work was assisted by the ONR under Contrct No. 6 onr-22526, 
NR 019-123 with the Ohio State University Research Foundation. 

1H. H. Nielsen, Revs. Modern Phys. 23, 133 (1951). 

2V. M. McConaghie and H. H. Nielsen, Proc. Natl. Acad. 34, 455 
“; and D. M. Dennison, Phys. Rev. 48, 868 (1935). 

4W. Haynie, Doctoral dissertation, Ohio State University, Columbus, 


Ohio (1951). 
5 C. C. Loomis and M. W. P. Strandberg, Phys. Rev. 81, 798 (1951). 





Erratum: Ultrasonic Absorption in the Critical 
Temperature Region 
[J. Chem. Phys. 18, 1300 (1950) ]} 
W. G. SCHNEIDER 
National Research Council, Ottawa, Canada 


ALUES of the sound velocity given in the above communi- 

cation should be divided by two and the absorption coeffi- 

cients per wavelength (as defined previously) divided by two. 
These corrections also apply to a later paper.’ 

The corrections are necessitated by a recent observation that 
on the recording of the resonance peaks of the double crystal 
acoustic interferometer every other peak was missing. This be- 
havior can be accounted for by the presence of a superimposed 
emf having the same frequency as the resonant frequencies of the 
quartz crystals. At temperatures well below the critical tempera- 
ture, where the sound attenuation is small, all the resonance peaks 
can be recorded with but a slight alternation of amplitude. As the 
critical temperature is approached, this alternation becomes very 
marked, alternate peaks appearing as small satellites. Very close 
to the critical temperature, where the sound absorption is very 
high, these “‘satellites” are completely obscured. This interpreta- 
tion and the correct sound velocity was verified by employing a 
pulsing technique and measuring the transit time of a sound pulse 
between the two crystals at a known distance apart. 
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I am indebted to G. J. Thiessen, E. A. Shaw, and R. R. 
Aggarival for assistance in analyzing the resonance behavior of 
the double crystal ultrasonic interferometer, a more detailed 
account of which is to be given in a forthcoming publication. 


1W. G. Schneider, Can. J. Chem. 29, 243 (1951). 





Erratum: Ultrasonic Propagation in Binary Liquid 
Systems Near Their Critical Solution 
Temperature 
[J. Chem. Phys. 19, 1566 (1951)] 


A. G. CHYNOWETH AND W. G, SCHNEIDER 
National Research Council, Ottawa, Canada 


NFORTUNATELY, through a mistake, the erratum im- 
mediately preceding this referring to another article was 
appended to the article with the title, “ Ultrasonic Propagation in 
Binary Liquid Systems Near Their Critical Solution Temperature” 
as a note added in proof and immediately preceding the acknowl- 
edgment. The note has nothing to do with the article to which it 
was attached. 





Excited Molecule Theory of Radiation Chemistry 
of Liquids* 
MILTON BuRTON, JOHN L. MAGEE AND ARYEH H. SAMUEL 


Department of Chemistry, University of Notre Dame, 
Notre Dame, Indiana 


(Received February 13, 1952) 


S a result of consideration of elementary physical processes 
produced by ionizing radiation in water we have concluded 
that the chemical effects start substantially from two classes of 
excited states, M* and Mt. The former is primarily produced, 
either in the primary ionization column or its “spurs,” has com- 
paratively small energy, and is relatively persistent ; the excitation 
associated with M* may diffuse as exciton or photon to a relatively 
remote position. The Mt is produced by ion neutralization and 
decomposes (if at all') relatively rapidly near its production site. 
A brief summary of the bases of these conclusions follows. 

1. A minor fraction (approximately one-third) of the ionization 
occurs in the primary ionization track, which initially contains 
two classes of excited entities, M+ ions and M* excited molecules. 
The number of the latter probably exceeds that of the former, 
but this point is not germane to the argument. The distance 
between successive ions in the primary track (and hence between 
spurs) d depends on the velocity of the incident particle; it is of 
the order of 5A for slow particles and of the order of 4000-5000A 
for fast particles. 

2. The major fraction of the ionization occurs in spurs normal 
to the primary track at primary ion positions. The distance 
between successive M* ions in the spurs (in the cases of numerical 
importance) is of the order of 4A, as is the distance between suc- 
cessive M* excited molecules. These distances are not significantly 
dependent on the nature of the incident radiation. The parameter 
d thus represents the principal significant physical differences 
between effects of fast and slow particles.? 

3. For the most part, the entities M” are in the lowest excited 
state. 

4. Except under special circumstances, excluded from this dis- 
cussion, the electrons produced simultaneously with the ions M+ 
are recaptured within 10~" second to give the reaction 


M++e—>Mt. 
In the case of water this definite conclusion represents a deviation 
from current ideas, which involve the assumption that electrons 


are captured by water molecules more or less remote from the 
site of their production to yield OH™ ions and isolated H atoms. 
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In liquid mixtures ion transfer may occur even before the 
neutralization process. In any event, the picture of ionization 
and excitation transfer previously developed is not greatly 
modified.*-7 j 

5. Water may be taken as an illustrative case of special interest. 
Two classes of reaction resultant from decomposition of H,0' 
can be represented by the over-all scheme 


3(H2+H.02) (F) 
H.ot 


H+0OH (R) 


The relative amounts of effects attributable to (F) and (R) are 
determined by local radical concentrations, which are, in tum, 
related to the parameter d. Except for the significance of this 
parameter, this aspect of the theory has been discussed frequently 
in a form not substantially different from our own.*~” 

. *.¢ * . 

6. In water the weakly excited entities H2O have relatively 
long life. The excitation may diffuse (as exciton or photon) 
considerably from the initial position and deactivation usually 
ensues. However, these activated molecules can participate in a 
true oxidation reaction when suitable traps are present in the 
water. 

We may note that this view of the elementary processes in 
radiation chemistry accommodates such new findings as those of 
Dee and Richards"! in the special case of water. It may demand 
some revisions of conventional concepts regarding elementary 
process in radiobiology and particularly of the role of H,0. 

A more complete discussion of these ideas will be presented in 
a forthcoming paper. 

* A contribution from the Radiation Project of the University of Notre 
Dame, supported in part by the AEC under contract AT(11-1)-38. 

1In substances like benzene, which are very resistant to radiation, 
neither M* nor Mt makes a significant contribution to the observed 
chemical effect. See reference 7. 

2M. Burton and J. L. Magee, paper presented at International Congress 
of Pure and Applied Chemistry, September 1951, publication forthcoming. 
See a special effect discussed by T. J. Sworski and M. Burton, J. Am. 
Chem. Soc. 73, 3790 (1951) 

3S. C. Lind, The Chemical Effects of Alpha Particles and Electrons 
(Chemical Catalog Company, New York, 1928), p. 193. 

4 J. L. Magee and M. Burton, J. Am. Chem. Soc. 73, 523 (1951). 

5 J. L. Magee, J. Phys. Chem. 56, to be published (1952). 

6 J. P. Manion and M. Burton, J. Phys. Chem. 56, to be published (1952). 

7S. Gordon and M. Burton, Disc. Faraday Soc., to be published (1952). 

8 A. O. Allen, J. Phys. Colloid Chem. 52, 478 (1948). 

9E. J. Hart, J. Am. Chem. Soc. 73, 68, 1891 (1951). 


10C, J. Hochanadel, J. Phys. Chem. 56, to be published (1952). 
1 P. I, Dee and E. W. T. Richards, Nature 168, 736 (1951). 





On the Origin of Low Frequency Raman Lines of 
Para-Dichlorobenzene and Reply 
to S. C. Sirkar* 


B. D. SAKSENA 
“Department of Physics, University of Allahabad, Allahabad, India 
(Received June 1, 1950) 


HE changes referred to by Sirkar in the second paragraph of 
his letter have not been overlooked by me. I did not refer 
to them because there are considerable discrepancies between this 
work and the later work of Venkateswaran,! who kept the crystal 
for well over a week at ice-cold temperatures before the spectrum 
at 25°C was taken and reported frequencies at 48(6b) and 89(6b) 
at 25°C and 43(6), 55(5), and 88(5b) at 45°C. He did not finda 
change in the highest frequency as reported by Sirkar and Gupta’ 
nor a constancy of frequency at 50 cm™!. Moreover, at 45°C he 
finds the highest frequency at 89 cm™, while Sirkar and Gupta 
report it at 82. 

The statement of Sirkar that the frequencies 46, 50, and 92 of 
the polycrystalline mass are identical with those of the four lines 
observed by me in a single crystal is not correct. I reported the 
frequencies 27, 54, and 92 for a single crystal and 45 and 82 for 
the disordered one. The main difference between the spectra of @ 
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single and disordered crystal which I emphasized in my article 
was the disappearance of the frequency 27 for the latter. Sirkar 
and Gupta have never been able to obtain this frequency in their 
york, which would be the main argument for saying that the poly- 
aystalline mass behaves as a single crystal. The agreement of 
the frequency 92 in the two spectra is not of much significance 
gnce this frequency is very broad and diffuse, and this is the 
rason why Venkateswaran measures it as 89 cm™ and Sirkar and 
Gupta at 82 cm™ at 45°C. The agreement of the frequency at 
{5cm~! in the two spectra would, however, suggest that the poly- 
aystalline mass behaves as a disordered crystal. 

In the third paragraph Sirkar states that changes in the con- 
dition of the crystal which produce changes in the Raman spec- 
trum fail to produce any change in the Laue pattern. The changes 
to which Sirkar refers are very doubtful; the main test would be 
whether the two specimens—one of which shows the frequency 27 
in its Raman spectrum and the other which does not—give 
identical Laue spots. 

The contention of Sirkar that the mix crystal studied by Sirkar 
and Bishui® was once cooled in ice and therefore the Raman lines 
observed by them do not correspond to those of a disordered 
crystal does not appear to be very reasonable. It appears to me 
that since the crystal is very soft, internal strains will appear in 
the crystal due to sudden cooling and make it disordered. 

Krueger, Reinkobar, and Holm‘ working with inorganic crystals 
and Vuks' with organic crystals have reported a variation of 
lattice frequency with concentration in the spectra of mix crystals. 
The idea of statistical average of moment of inertia for torsional 
lattice oscillations is able to explain this variation, but it is 
possible to account for this variation in a better way by adopting 
the idea of a unique lattice for the mix crystal suggested by 
Matossi.6 Agarwal and myself? have considered this problem in a 
paper which is due to appear in this journal. 

There is considerable experimental evidence which shows that 
the low frequency lines in crystals are lattice oscillations, for in a 
single crystal their intensity varies with orientation. The polariza- 
tion work of Rousset and Linchet® on p-dichlorobenzene and of 
Nedungadi? on naphthalene shows that they are rotational oscilla- 
tions, and to a first approximation their frequencies depend on 
the moments of inertia of the molecules. 

*S. C. Sirkar, J. Chem. Phys. (to be published). 

1C, S. Venkateswaran, Proc. Indian Acad. Sci. A8, 448 (1938). 

*S. C. Sirkar and J. Gupta, Indian J. Phys. 10, 473 (1936). 

‘S.C. Sirkar and I. C. Bishui, Indian J. Phys. 11, 417 (1937). 

‘Krueger, Reinkobar, and Holm, Ann. Physik 85, 110 (1928). 

5M. Vuks, Acta Physicochim. U.R.S.S. 6, 327 (1937). 

‘F. Matossi, J. Chem. Phys. 19, 161 (1951). 

™R. R. Aggarwal and B. D. Saksena, J. Chem. Phys. (to be published). 


A. Rousset and Linchet, J. phys. 3, 146 (1942). 
'T. M. K. Nedungadi, Proc. Indian Acad. Sci. Al3, 161 (1941). 





The Ionization Potential of the CF; Radical and 
Some Fluorocarbon Bond Energies 
Obtained by Electron Impact* 


VERNON H. DIBELER, ROBERT M. REESE, AND FRED L. MOHLER 
National Bureau of Standards, Washington, D. C. 
(Received February 5, 1952) 


HE purpose of this note is to report preliminary results 

obtained in a study of dissociation energies of fluorocarbons 
by electron impact. A Consolidated 21-103 mass spectrometer 
with several minor circuit changes was used to obtain the appear- 
ance potentials of the ions of methyl fluoroform, and hexa- 
fluoroethane given in Table I. Argon was used to calibrate the 
voltage scale and was added simultaneously with the fluoro- 
carbon. Initial portions of the ionization efficiency curves were 
Plotted on a semilog scale.! The resulting straight portions of 
tach curve were very nearly parallel. Differences between the 
parallel portions of the curves of the fluorocarbon ions and of 
the A+ ion were read on the abscissa and subtracted from the 
Pectroscopic ionization potential of argon (15.76 ev). 


THE EDITOR 761 


TABLE I. Appearance potentials of several fluorocarbon ions. 








Appearance 
Compound potential (ev) 


CHs—CFs 15.2 
14.0 
CF3—CF; 14.3 











The minimum energy required to produce the CH;* ion from 
CH;—CF; without excess kinetic or excitation energy is given 
by the relation A(CH;*+)=D(CH;—CF;)+J/(CHs;). The corre- 
sponding relation for the appearance potential of CF3* is A(CF;*) 
= D(CH;—CF;)+J(CF;) where D(CH;—CFs;) represents the 
energy necessary to produce CF; and CH; radicals, and /(CH;) 
and J(CF;) are the ionization potentials of the radicals. From 
these relations, the observed appearance potentials of the CH;* 
and CF;* ions in CH;— CF; and the known ionization potential of 
the CH; radical one can calculate D(CH;— CF;) and J(CF;). The 
latter subtracted from the appearance potential of CF;+ in C2F¢ 
gives the C—C bond energy in C2F¢. Stevenson? has called atten- 
tion to the evidence that such a procedure is not valid for a number 
of hydrocarbons. However, appearance potentials of CH;* in 
methane’ and in ethane‘ lead to values of the CH;—H bond and 
the CH;—CH; bond that are consistent with thermochemical 
data. 

Subtracting the ionization potential of the CH; radical (10.07 
ev)? from the observed appearance potential of CH;* in methyl- 
fluoroform (15.2 ev) gives 5.1 ev (117 kcal) for the C—C bond 
energy. This value subtracted from the appearance potential of 
the CF;* ion (14.0 ev) gives the ionization potential for the CF; 
radical as 8.9 ev. A similar calculation based on the appearance 
potential of CF;*+ and I* in CF;I and the spectroscopic ionization 
potential of icdine atoms (10.44 ev) gave 8.3 ev for the ionization 
potential of CF;. As measurements on CHI gave 9.5 ev for the 
ionization potential of CH; the values seem to be consistently 
low by 0.6 ev for reasons that are not obvious. By subtracting 
the value 8.9 ev from the observed values for the appearance 
potentials of CF;*+ in C.F. (14.3 ev) a value of 5.4 ev (124 kcal) 
is obtained for the C—C bond in C2Fs. 

The above values for the C—C bond energy are surprisingly 
high even in view of the demonstrated thermal stability of C2F¢s.° 
In general, bond energies derived from appearance potential 
measurements should be considered as upper limits because of 
the possible excess energy involved in the ionization process. We 
plan to extend the measurements to other compounds to see 
whether consistent values of the bond energies can be obtained. 

* This work was supported in part by the Ordnance Department, De- 
partment of the Army. 

1R. E. Honig, J. Chem. Phys. 16, 106 (1948). 

2D. P. Stevenson, Disc. Faraday Soc. on Hydrocarbons (1951). 

3L. G. Smith, Phys. Rev. 51, 263 (1937). 

4J. A. Hipple, Phys. Rev. 53, 530 (1938). 


5K. Murakawa, Z. Physik. 109, 173 (1938). 
6 L. White, Jr. and O. K. Rice, J. Am. Chem. Soc. 69, 267 (1947). 





Characteristic Infrared Absorptions Due to 
Aryl Deuterium 


G. V. D. Trers*-+ AND J. H. Trers 


G. H. Jones Chemical Laboratory, University of Chicago, 
Chicago, Illinois 


(Received January 29, 1952) 


T has long been recognized that the substituted benzenes 
exhibit intense absorptions in the 700-900 cm™ region.’~* 
Thompson ef al.3~* have examined these bands in detail, finding 
them characteristic of the position of the substituents and almost 
independent of their identity. These authors have assigned the 
bands as CH out-of-plane bending vibrations. 
It is surprising that in no case have aryl deuterium compounds 
been considered in such correlations. In view of this, we have 
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TABLE I. Absorption frequencies and molar absorbancy indices. 
(am) for the 700-900 cm~! region. 








Frequency in cm~! (am in parentheses) 
Characteristic band Neighboring bands 





Benzene-d* 778 (vapor) 699 
Toluene 729 (280) 694 (120) 
Toluene-2d 775 (130) 721 (109) 
Toluene-3d 806 (103) 692 (105) 
Toluene-4d 838 (160) 710 (30) 
Benzoic acid-2d 779 (180) 4 (46), 857 (61), 800 (43), 
1 
Benzoic acid-3d 820 (60)> 878 (72), 770 (116), 
789 (57) 684 (138 
Benzoic acid-4d 873 (150) 796 (43), 783 (55), 697 (90) 
Anisole-4d 843 (150) 783 
Fluorobenzene-4d 851 (100) 818 (95), 778 (30), 713 (36) 
Benzene-1,4d2* 876 (vapor) 813 








® See reference 7. 

> A definite choice cannot be made between these and the 770 cm™ peak. 
The 796-800 cm~! peak present in the other two isomers and in benzoic 
acid itself does not appear, suggesting interaction. 


‘ examined the infrared spectra of a series of disubstituted benzenes 
in dilute solution, one of the substituents being deuterium in 
each case. Table I lists frequencies and molar absorbancy indices® 
for all bands in this region having an index greater than 20. 
Previously reported data are given for comparison. 

For the disubstituted benzenes, the ranges listed by Thompson® 
fall in a definite sequence: ortho, 730-760 cm™, meta, 770-790 
cm™, para, 800-830 cm™!. When one of the substituents is deu- 
terium, intense absorptions occur in the same order of increasing 
frequency, ortho, meta, and para; however, in each case the 
frequency is above the corresponding Thompson range, averaging 
20 cm higher. Benzoic acid-4d has the highest frequency, a 
difference of 43 cm™. 

Of the deuterated benzenes reported by Ingold,’ benzene- 
1,4d, exhibits a high frequency, 45 cm™! above the Thompson 
range, as might be expected for two deuterium substituents; 
the benzene-d band at 778 cm™ is 18 cm™ above the range for 
monosubstituted benzenes.’ It may be noted that the vibrational 
assignments for these bands in benzene-d and benzene-1,4d,’ 
resemble those given by Thompson for the correspondingly sub- 
stituted benzenes, except that the deuterium is considered to 
participate appreciably in the motion. 

In the 500-650 cm™ region, the deuterium substituted benzenes 
again show intense bands, probably due to out-of-plane bending 
vibrations involving deuterium,’ while nondeuterated benzene 
derivatives generally have no strong absorptions in this region. 
Table II lists the frequencies and some molar absorbancy indices 
for aryl deuterium compounds, including some previously re- 
ported data for comparison. These bands appear adequate to 
show the presence of aryl deuterium, and perhaps also to identify 
the position substituted, at least within an isomeric series. In 
such cases, quantitative determination of the isomers will usually 
be feasible.® 

The deuterotoluenes used have been described previously;® the 


TABLE II. Absorption frequencies and intensities for aryl deuterium 
in the 500-650 cm™! region. 











em! an 
Benzoic acid-2d 628 232 
Benzoic acid-3d 636 140 
Benzoic acid-4d 612 285 
Toluene-2d 631 190 
Toluene-3d 645 162 
Toluene-4d 607 324 
Fluorobenzene-4d 602 298 
Anisole-4d 598 310 
Mesitylene-2d 632 190 
Benzene-d* 612 vapor 
Benzene-1,4d2* 597 vapor 
Benzene-1,3,5d* $27 vapor 
Benzene-1,2,4,5d4* 550 vapor 








® See reference 7. 
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fluorobenzene-4d was prepared in the same manner, and the 
infrared spectrum indicated 99 percent isotopic purity. In cop. 
trast, omission of the high vacuum treatment of the Grignard 
reagent® resulted in anisole-4d of 91 percent, and mesitylene. 
2d of only 60 percent, isotopic purity. Coinciding absorptions, 
strong in the parent compound and weak in the deutero derivative, 
were used for estimating isotopic purity ; in each case good agree. 
ment was found between two such peaks. The spectra have been 
corrected for the estimated isotopic purity. The deuterobenzoic 
acids were prepared from the corresponding deuterotoluenes by 
alkaline permanganate oxidation. The D,O was obtained through 
the Atomic Energy Commission. The infrared equipment was as 
previously used.® The solutions were 3.17 percent by volume for 
liquids, and 4.0 grams per 100 ml for the benzoic acids. Solvents 
employed were CS, tetrachloroethylene, and cyclohexane. The 
accuracy of the molar absorbancy indices is adequate for the 
purposes of this work, being highest for the low intensity peaks, 
although the most intense peaks are subject to as much as 30 
percent error. 

The authors wish to thank Professor R. S. Mulliken, who 
granted unlimited access to the infrared equipment, and Professor 
G. W. Wheland, who contributed helpful discussions. 

* Charles A. Coffin Fellow, 1950-1951. 

t+ Central Research Department, Minnesota Mining and Manufacturing 
Company, St. Paul, Minnesota. 

1P, Lambert and J. Lecomte, Ann. phys. 18, 329 (1932). 

2N. Colthup, J. Opt. Soc. Am. 40, 396 (1950). 

3D. H. Whiffen and H. W. Thompson, J. Chem. Soc., 268 (1945). 
(1949) R. H. Cole and H. W. Thompson, Trans. Faraday Soc. 46 (2), 103 
‘ Beil, Thompson, and Vago, Proc. Roy. Soc. (London) 192A, 498 (1948). 

sG FS _— and E. C. Creitz, J. Research Natl. Bur. Standards 46, 
145 (1951). 

7C. K. Ingold e¢ al., J. Chem. Soc. (London), 222-333 (1946). 

8 G. V. Tiers, J. Chem. Phys. 19, 1072 (1951). 

9L. H. P. Weldon and C. L. Wilson, J. Chem. Soc. (London), 235 (1946). 





Electrical Polarizability as a Criterion for 
Molecular Wave Functions 


J. A. ABBOTT AND H. C. BOLTON 


Department of Physics, University of Durham, King's College, 
Newcastle upon Tyne, 1, England 


(Received February 21, 1952) 


HE object of this letter is to show that by making use of 4 
simple expression for the polarizability suggested by Hassé,’ 
considerable information may be obtained about the wave func- 
tions for molecules with particular reference to homonuclear 
diatomics. Results are reported here for H2*+, Hz, and Ns. The 
electrical polarizabilities of H2+ and Hz have recently been calcu- 
lated by Bell and Long? by a method involving the complete 
Hamiltonian Ho+H; where Hp is the unperturbed term and Hi 
the perturbation term. This latter method is direct but very 
laborious since it involves a calculation of the total energy and 
is out of the question for more complicated molecules. 

The present calculations start by assuming a perturbed wave 
function of the one-parameter form, viz., ~=yo(1+AH;), where 
is the unperturbed wave function and Hy; is the perturbation term 
in the Hamiltonian resulting from the field F; Hi=eF2i"4 
where q; is the coordinate of the ith electron measured from the 
center of the molecule. It may be shown that 


a=4{ f wor(Z adr] / aon, (1) 


when yo is the correct unperturbed wave function; ao is the first 
Bohr radius. 

Experimental values for the longitudinal and transverse pola 
izabilities are known. A comparison can be made between thes 
values and those calculated from Eq. (1) with wave functions 
containing two parameters, one of which is the scale factor 4 


and the other a measure of the hybridization. An _— 
in 


composed of Rosen-type s—p hybridized AO’s was use 
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case of Ha* and Hz, and the following values obtained (¢ is the 
ysual Rosen parameter). For H:*, c= 1.31, e=0.12. These can be 
compared directly with the values of Dickinson® (c= 1.25, o=0.16) 
who made an accurate theoretical estimate of the binding energy. 
The discrepancies between the two sets of values is probably due 
to weighting different regions of the wave functions in the two 
methods. The true values of a, for H2* were taken to be those 
calculated by Bell and Long? using the James function (known 
tobe very accurate). For Hz, c=1.18, c=0.09; there is no energy 
calculation using such a wave function, but these figures lie in 
the range of values for ¢ and o given by other approximations‘ 
to Yo using the minimum energy criterion. The agreement leads 
ome to hope that valuable information about the wave functions 
for more complicated molecules, e.g., N2, may be obtained using 
plarizability calculations. 
For Nz the following electronic structure was assumed : 


(og1s)?(ou1s)*(ag2s)?(ou2s)*(o,2p)?(4y2p)*(422p)?. 


The total wave function was a completely antisymmetric de- 
teminant of the individual MO’s. These MO’s formed an ortho- 
normal set which contained a variable parameter w to represent 
a variation in the degree of hybridization (o1s—o2s—o2p). 
The orthonormal set was constructed by the Schmidt process 
fom basic functions which were simple LCAO MO’s, e.g., 
[(2p)a+(2p2)e 1//[1+S(2p,2p,) ]. The constituent AO’s in these 
basic functions were Slater AO’s with a variable scale factor c in 
all but the 1s functions. 

By adjusting the values of c and w to obtain agreement with 
experimental values for the longitudinal and the transverse polar- 
izabilities, the following results were obtained: c=0.87, |w|~0.4. 
The value |w|=0.4 represents the following degree of hybridiza- 
tion in the corresponding AO’s of the o,2s orbital: 1s, 3; 2s, 78; 
2p, 19. It will be noticed that the orthogonalization process leads 
to some forced admixture of 1s functions as in Mulliken’s® process. 
The ratio 2s/2p agrees with that predicted by Mulliken® and also 
by Greenhow and Smith® from quadrupole moment calculations. 
It is important to recognize that the polarizability calculations 
weight the outer regions of the wave functions; thus the value 
of ¢(<1) shows that wave functions used with c=1 fall off too 
quickly at large distances. It is hoped to publish a full account of 
these calculations in the near future. 

1H. R. Hassé, Proc. Cambridge Phil. Soc. 27, 66 (1930). 

My P. Bell and D. A. Long, Proc. Roy. Soc. (London) A203, 364 (1950). 

.N. Dickinson, J. Chem. Phys. 1, 317 (1933). 

‘J. O. Hirschfelder and J. W. Linnett, J. Chem. Phys. 18, 130 (1950); 

E.F, Gurnee and J. L. Magee, J. Chem. Phys. 18, 142 (1950). 


'R.S. Mulliken, J. Chem. Phys. 19, 900, 912 (1951). 
°C. Greenhow and W. V. Smith, J. Chem. Phys. 19, 1298 (1951). 





Equation of State of Gases at High Temperature* 


Harry MILTON PEEK AND ZEvI W. SALSBURGT 


University of California, Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico 


(Received February 18, 1952) 


[7 has been shown by H. Jones! and also by Brinkley? that 
4+ knowledge of the detonation velocity as a function of the 
tial density is not sufficient to determine the equation of state 
of the product gases at the temperature and pressure of the 
pman-Jouguet plane. The question arises: Given detonation 
velocity and initial density, what information does one gain if 
one Measures the pressure or density of the product gases at the 
Chapman-J ouguet plane? 
The Rankine-Hugoniot equations for conservation of mass, 


— and energy across the detonation front may be 
n 


Pom puuD; o(D—u)= oD; E—Ey=¥(P+P)(=—*), 


where u is the particle velocity of the detonation products, D the 
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detonation velocity, P the pressure, p the density, and £ the 
specific internal energy. The subscript zero refers to the initial 
state of the explosive. From Eq. (1) it is obvious that P is deter- 
mined for given D, po, and p; p is determined for given D, po, 
and P. We then know E(P, p) of the detonation products if we 
measure, in addition to the usually measured D and po, either 
P or p. 

Knowing E(P, p) it is possible to determine the equation of 
state of the detonation products by the following scheme: 

From thermodynamics it is easy to show that 


(55), P= — POE /80)p— p"(OE/AP) g OP/Ae) x. (2) 


Using 

(0P/dp)r=—(9T/dp)p/(OT/9P), (3) 
in Eq. (2), we get 
p°(9E/dP) (9 InT/dp)p+[P—p(9E/dp)p }(0 InT/dP),=1. (4) 


Equation (4) is a nonhomogeneous, first-order, linear partial differ- 
ential equation which on integration will give the equation of 
state of the detonation products. Integration of Eq. (4) requires 
that E(P, p) be measured over a wide range of P and p-values in 
order to compute its derivatives with respect to pressure and den- 
sity. This requirement makes the above outlined procedure lucra- 
tive only for gaseous detonation. It is also necessary to know 
initial equation of state data in order to eliminate the arbitrary 
constants in the integration of Eq. (4). 

One should now discuss the initial assumption of experimental 
measurement of P or p. The requirements of the measurement for 
determination of the equation of state are that one needs P or p 
at the Chapman-Jouguet plane. In order to determine P or p at 
the C—J plane one must locate the C—J plane. To this end one 
would like to have a pressure or density profile showing the 
behavior of pressure or density ahead of, within, and behind the 
steady zone. One could then say the C—J plane is determined 
by a discontinuous change in slope of the pressure or density, 
occurring after the maximum value due to the shock. 

It may be possible to determine a pressure profile using a 
piezoelectric gauge of the type well known in explosives work.* 
One of the most difficult problems is to obtain a gauge with very 
fast response time (i.e., for most detonations the reaction time is 
of the order 5X 10~ sec or less). Piezoelectric gauges of such fast 
response, capable of measuring the high pressures produced, are 
at the present time unknown. 

It may be possible to determine a density profile by means of 
an x-ray densitometer as suggested by Kistiakowsky.‘ It cannot 
be said that equipment for such a measurement is commercially 
available, but it does not appear impossible to construct the 
necessary equipment. 

It hardly seems necessary to point out that experimental 
determination of equation of state of detonation products of 
gaseous explosions will provide very useful thermodynamic data 
at high temperature (ca 5000°K) and pressures (<10* atmos). 
One might also mention that if one can determine P or p within 
the steady zone, one might be able to deduce information con- 
cerning the kinetics of the detonation process. This is seen to be 
plausible if one writes the necessary conservation equations in 
terms of the degree of reaction within the steady zone. 

The authors wish to acknowledge helpful discussions with 
Dr. J. von Neumann, Dr. W. W. Wood, and especially, Professor 
G. B. Kistiakowsky, at whose suggestion this work has been done. 
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HE relation between the parabolic rate constant for metal 
oxidation k and the diffusion coefficient D; for defects in 
the oxide is k=2D;(fi—f2), where f; and f2 are the equilibrium 
defect fractions at the metal-oxide and oxide-oxygen interfaces. 
In the case of oxidation of copper to cuprous oxide, it was recently 
shown! that this equation reduces to k=4D, D=4D,(fit-fe) 
being the self-diffusion coefficient of copper in cuprous oxide 
measured with radioactive copper. In the case of copper oxidation, 
the defects are cation vacancies, and in both the oxidation-rate 
and the diffusion experiments they are formed by the same 
mechanism, solution of oxygen in cuprous oxide. 

Recently Lindner? has measured D for radioactive zinc in zinc 
oxide from 800° to 1400°C, finding D= 1.4 exp(—74/RT) cm? sec™ 
with the activation energy U in kcal mole~. The oxide was in 
the form of compressed sintered powder exposed to air. The & for 
zinc oxidation from 375° to 410° is* 3.8 10-7 exp(—29/RT) 
cm? sec™!. 

The diffusion of zinc in zinc oxide most probably proceeds via 
interstitial zinc ions, which arise from the dissociation ZnO 
=Zn;*?+40.+2e. For this reaction, AH=AH,+AH2, where 
AH; is the heat of dissociation of ZnO to zinc vapor and oxygen, 
and AH is the heat of solution of the zinc vapor to form interstitial 
ions in the oxide. At 1100°C, AH,= 110 kcal, AH2= £,+E2+E;. 
E, is the heat of solution of an interstitial zinc atom in an octa- 
hedral hole in the zinc-oxide structure; it has been calculated to 
be about 5 kcal. E is the heat of dissociation for Zn;=Zn;t+e, 
which is 7 kcal from the activation energy of the low temperature 
electronic conductivity of ZnO.5 E; is the heat of dissociation for 
Zn;* = Zn;**+e, which is 45 kcal from the temperature coefficient 
of the high temperature conductivity, or from the threshold for 
photoconductivity in ZnO.® 

The observed activation energy for the self-diffusion is 
U=(AH/3)+U;, where U; is the activation energy for the 
mobility of an interstitial Zn;*? ion. Thus U; is estimated to be 
18 kcal. In the case of oxidation of zinc, the interstitial ions arise 
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from solution of solid zinc in the oxide, and not from the disso¢- 
ation reaction, which is negligible at the oxidation temperatures, 
In this case, the heat of formation of Zn,;*? is AH’=AH;+4H,, 
where AH; is the heat of sublimation of zinc, 30 kcal. The expected 
activation energy for diffusion of zinc in zinc oxide that is jn 
equilibrium with solid zinc is therefore (AH’/3)+U;= (87/3) +18 
=47 kcal. This figure is considerably higher than the observed 
activation energy for the oxidation reaction. 

It seems likely, therefore, that interstitial zinc ions diffusing 
during the oxidation of zinc do not arise from the thermal dis. 
sociation of interstitial zinc atoms, but by some process consisting 
of the transfer of electrons from interstitial zinc atoms to ad- 
sorbed oxygen. A possible process of this kind is Zn;+-20.(ads) 
=Zn;*2+202-(ads). The heat of formation of Zn,;*? in this case 
would be AH” = AH’—2A, where A is the electron affinity of 0,, 
about 23 kcal.? Thus U=(AH"/3)+U;=32 kcal. This is close to 
the experimental activation energy of 29 kcal. 

The assumption that the diffusing interstitial ions are formed 
by electron transfer to adsorbed oxygen explains also the de- 
pendence of the parabolic rate constant on the oxygen pressure, 
and the assumption that the rate determining step involves ad- 
sorbed Oz is consistent with the observation that the pressure de- 
pendence of & follows a Langmuir isotherm in Pos, and not Po;!} 
Although this interpretation explains the pressure and tempera- 
ture dependence of the zinc oxidation, it should not be regarded 
as conclusive in view of (a) the reported independence of rate on 
oxygen partial pressure in O2-N2 mixtures® and (b) the possibility 
of grain-boundary diffusion of zinc and/or oxygen. 

The author is glad to thank the John Simon Guggenheim 
Memorial Foundation and the U. S. Educational Commission in 
the U.K. for their support of this work. 
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